
HIGH ENERGY NUCLEAR PHYSICS 


Proceedings of the Fifth Annual Rochester Conference, 

January 31 - February 2, 1935 

Compiled and Edited by 

H. P. NOYES, E. M. HAFNER, G. YEKUTIELI AND B. J. RAZ 

Department of Physics, The University of Rochester 


E UNIVERSITY OF ROCHESTFR 7TT7 CQ ° y 

ROCHESTER and the NATIONAL SCIENCE FOUNDAT] 

a * . _ «n cooperation with 

Atomic Energy Commission the Office of Naval Research and the International 

Unton „f Pure and Applied Physics 

in.rs^r, £? and d “ * 

’ nc -’ 250 Flfth Avenue, New York City 


■sponsored by 





JcP 







% 






CK 


/ 











OLLflnfl IOBQL LIBRARY 



1 4949 








FOREWORD 


The Fifth Annual Conference on High Energy Nuclear Physics was held at the 
University of Rochester on January 31 - February 2, 1955. The Fifth Annual 
Rochester Conference was sponsored jointly by the University of Rochester and 
the National Science Foundation in cooperation with the Atomic Energy Commis¬ 
sion, the Office of Naval Research and the International Union of Pure and Applied 
Physics. The purpose of the annual conference is to assemble a representative 
group of active workers from high energy physics laboratories throughout the 
world for an informal and complete discussion of the experimental and theoretical 
developments during the previous year. The Fifth Annual Conference was attended 
by over one hundred physicists representing approximately fifty American and 
foreign institutions and fifteen countries. 

We are indebted to the participants whose contributions constitute the Proceed¬ 
ings of the Fifth Annual Rochester Conference on High Energy Physics. We wish 
to express our particular thanks to the various chairmen for achieving a sem¬ 
blance of coherence within their respective sessions in a field as rapidly develop¬ 
ing as this. 

The Rochester Conferences were started five years ago with the^support of a 
group of local industries and we are deeply indebted to our industrial friends for 
their continuing support. Thanks are due the Gray Audograph Co. for supplying 
the recording equipment, Mrs. Shirley Brignall and Mrs. Lois Amerman for 
typing the draft and final manuscripts respectively, Edwards Bros, for printing 
the Proceedings and Interscience Publishers for their distribution. 

Finally, I should personally like to express my deep thanks to all the staff 
members and graduate students in the Rochester Physics Department who have 
written up the Proceedings of the Annual Conferences and above all to 

Prof. H. Pierre Noyes who has cheerfully assumed the responsibility as chief 
editor during the past four years and has done a superb job. 


R. E. Marshak 
Conference Chairman 
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PROCEEDINGS OF FIFTH ANNUAL ROCHESTER CONFERENCE 

ON HIGH ENERGY NUCLEAR PHYSICS 


Monday Morning: Low Energy Pion Phenomena , J. Steinberger presiding. 

After the conference had been opened by Marshak, Steinberger introduced 
Bethe, who gave an introductory survey of advances which have been made in the 
past year in°the field of low energy pion phenomena. One of the main advances 
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in meson physics in the past year h as been the first clear evide nce that the si 

of the pion nucleon phase 
shifts are what we have 
always thought they should 
be. This is given by the 
data obtained by Orear on 
the scattering of positive 
mesons in hydrogen at 120 
Mev. These results are 
given in Figure 1. The large 
dip at forward angles shows 
that the coulomb scattering 
and nuclear scattering have 
opposite signs. Since the 
coulomb force between two 
positive particles is known 
to be repulsive, it is clear 
that the major nuclear force 
must be attractive. Most of 
the nuclear scattering at 
this energy is due to the 
I = 3/2, J = 3/2 phase shift, 
so we know that this state is 
attractive. 

Bethe then turned to a dis¬ 
cussion of the situation at 
lov/er energies. This is illus¬ 
trated at 61.5 Mev in the fol¬ 
lowing table. As is seen from 
the table, the experimental 
results of Bodansky, Sachs, 
and Steinberger at this energy 
allow seven phase shifts solu- 
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Shifts at 61.5 MsV 
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tions. aU of which are compatable with the data. The first given is the usual 

L e d rm '<S' Pe 5 ti0n ’ f ° UOWed bV th ' YSng in roles of S 3 , 

and. CV 31 are reversed. Solutions 3 and 4 are of a type first noted by 

butBethfbV^Solutes 5, 6 and 7 are allowed by the least squares fit to the data, 
Bethe believes they can be thrown out on the basis of another criterion If we 

cess'-rr- r's tr “T* th + ' B a cos e eX + ha c 8e “z**" 1 " 8 ’ * hat ‘ S ’ ‘ ha pr °- 

, . ° + B 0 cose + C 0 cos^e w e have the 

direct experimental result that the forward scattering, that is F = A n + Bn + Cn 
is less than or equal to 46 square degrees. The quantity F is given for the seven 
sets of phase shifts in the table, and it is seen that solutions 5, 6 and 7 are in dis- 
agreement with experiment on this point, and hence can be excluded. It is to be 
noted that solutions 3 and 4 have « 3 positive and c< 33 negative. The easiest 
way to dispose of these solutions is, therefore, to invoke Orear’s result at 120 
Mev that c>< 33 i s positive. The continuity of the scattering between 60 and 120 
Mev then allows no room for a change in sign. There is another argument which 
can be made from the Askin graphical method of solution for the phase shift. 

It is easy to show that the point corresponding to the Steinberger type solutions 
m the Askin diagram violates the condition /b + 31 <3 if the phase shifts are 
large; again by the continuity of the scattering one can, therefore, rule out the 
Steinberger solution at lower energy. We see that one can now eliminate all 
solutions except the Fermi-Yang pair, and of these the Fermi solution is to be 
preferred for reasons of simplicity. (This argument is given in detail in the 
proceedings of the Fourth Rochester Conference. HPN) 

Important new information about the zero energy limit of the scattering was 
obtained in the past year from experiments on Tf-mesic atoms. By measuring 
the gamma ray energies of the transitions in such atoms, the groups at Carnegie 
Tech and at Rochester have shown that the binding energy of the lowest state in 
the TT-mesic atom is less than that given by the Rydberg formula. One effect 
that works in this direction is the finite size of the nucleus, but this correction 
is rather small, and it is possible to say that the net force due to the nucleons 
on the tt meson in the ground state is repulsive. This repulsive force can be 
measured and expressed as the scattering length for the scattering of Tf mesons 
by all the nucleons in the nucleus. At this point you have to assume that the 
Scattering from all the nucleons in the nucleus is additive. With this assumption 
one obtains a weighted average of the s-wave scattering length from protons and 
neutrons which, for light nuclei which have equal numbers of neutrons and pro¬ 
tons, is simply ( + 2 a 3)/3 = (-1.1 ^ 0.Z)0rj ; here is the momentum of the 


7T meson in units of & . Of course one also has ( - ©<3 )/*{ from the com¬ 

bination of the Panofsky's result with the photo-production of charged mesons 
either near threshold or by extrapolation from higher energies. The chain con¬ 
necting these experiments is given in Table Z. For this quantity deHoffman 
obtains 10.7°, so that we find that ^ 3/77 is less than zero and c<\/*[ is greater 
than zero. Consequently cx 3 starts out negative and, contrary to what Bethe had 
believed a year ago, does not change sign at any energy. Further one can use 
the mesic atom data directly to obtain the coupling constant defined by Gold- 
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A J 

Panofsky gives ratio y _. d"m 


-, — - T -+ P . N+y 

Photoeffect gives P + y s N + ir + 

also D + 7 B 2 P+ 7 r“ 

D+y b 2N +t + 

Together with detailed balance, 

aet tt"+P= N +ir° 


get i 
This yields 


( 8 , - ^Vr) 


Mesic atoms yield average,(^-8 | +^-8 3 ) 


berger, Deser and Thirring TABLE II 

and discussed in detail at 
the conference last year. 

In this theory the coupling £ P * N + TT° 

constant is so defined that POnOTSKy QIV 6 S TOilO 

G^/M is directly equal to 

the scattering length at zero PhotOeffdCt gives P + y s N + 

energy. From the mesic 

atom experiments one ob- , pnioi^i — 

tains the fact that is OlSO D*ry B 2P"rir 

positive, although this is not D+y B 2N +T+ 

necessary in the Goldberger- ... , . , L . 

Deser-Thirring theory, .nd Together with detailed balance, 

that it is almost zero; the get ir"+P = N + ir 

numerical value is about This yields ( 8 , - S-,)/* 

0.13. This would lead one to ' ^ 

believe that one might be Mesic atoms yield average,(-^ 8 ,+§- 8 ,) /« 

justified in expanding in 3 5 

powers of this coupling con¬ 
stant, were it not for the 

fact that there is a tremendous difference between o<i and while this same 

theory would predict that this difference is proportional to 

In the region below 50 Mev ( ex' l _ o< 3 )/^ has been obtained from the charge 
exchange scattering experiments of Spry. The P-wave effects have to be sub¬ 
tracted out, but they are small and presumably are still varying as the cube of 
the pion momentum, as they are known to do experimentally at higher energy. 
These results of Spry give 15.5°/-^ for this quantity between 20 and 40 Mev so 
that in the cross-section there is a factor of two discrepancy between the in¬ 
direct result at zero energy and the measurement between 20 and 40 Mev. This 
Bethe would say is purely experimental, and he feels that the matter is suf¬ 
ficiently serious so that all the experimental numbers which enter into the deter¬ 
mination of this quantity should be remeasured. In the discussion that followed, 
it was noted that this discrepancy does not depend on any fine points of analysis’ 
but is quite direct; in particular the V ~ - rr° mass difference does not affect 
the results, since this can be taken account of by using the correction factor 
V °/ V_ * n tl:i e cross section. Bernardini noted, as will be discussed in detail 
later, that he has now measured the photo-meson production of charged positive 
mesons all the way down to the threshold, there is no longer any need for extra¬ 
polation, and his results are in agreement with the previously cited extrapolated 
values. Panofsky noted that Lederman’s cloud chamber results are not in dis¬ 
agreement with the older value for the ratio between charge exchange scattering 
and radiative capture at zero energy. If all the experimental results stand, one 
could only conclude that the .-phase shifts do not vary linearly with momentum 

between zero and 2 0 Mev. (This will be discussed further in connection with 
Lederman’s results, p. ig . HPN) 
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At this point Bernardini presented the results of Leiss and Robinson which 
will be discussed in more detail later, (c.f. Fig. 37, page 34) The experiment 
performed is the photo-production of positive pions near threshold. The results 
are obtained by using a target in^which the low energy pions come to rest after 
they are produced, and the electrons from the decay of the ^ mesons coming 
from 'fV' decay are detected. Combining these results with the Panofsky exper¬ 
iment in the way indicated above, one obtains CX i - = 10.5°. Bethe noted 

that the small slope to the straight line extrapolation could be removed by cor¬ 
recting for the P state, and Bernardini agreed that the P wave correction was 
very small. The limits of error on this number 10.5° are about ±25%; Bethe 
feels all the experimenters are being very cautious. One of the experimental 
numbers which enters into this calculation is the negative to positive ratio of 
charged mesons photo-produced from deuterium. Bernardini added that this 
number has recently been measured by the Rome group and the energy range 
from 170 to 185 Mev and they find 1.5 ±.07. This is in a direction to remove the 
discrepancy between the 20 and 40 Mev results and the extrapolation from 
threshold. Bethe noted there is also a small correction to be expected, since 
when the negative pion is produced, the two protons in the final state interact via 
their coulomb charge, whereas when the positive pion is produced there is no 
such interaction. 


There is also experimental disagreement between the results on the direct 
scattering of negative pions in the low energy region. A table of these results 
would be integrable only in the sense of Lebesgue. Everyone agrees that the 
elastic scattering in the backward direction is small. This is to be expected 
since'for this state both the s and the p waves are attractive, and if we write the 
angular distribution as A + B cos© , this means that both A due to the S wave, 
and B due to the P wave, are positive. Hence the scattering amplitude, 

A + B cos O , will be small in the backward direction. However, there are diver¬ 
gent results for the scattering integrated over the range from 50°, where cou¬ 
lomb effects begin to become unimportant, to 180°. At 60 Mev, Columbia, and 
from 25 to 45 Mev, Chicago find small numbers, while at 40 Mev, Rochester, and 
at 5 Mev, Lederman at Columbia find large numbers. 

The scattering of 23 Mev positive pions, as measured by Orear at Chicago, 
gives the value of -3° for which is in agreement with the mesic atom data 

and the Panofsky experiment. There is also good agreement at 40 Mev between 
the separate experiments of Orear at Chicago and of Barnes* group at Rochester. 
So for the scattering of positive pions alone one might obtain a curve which one 
could almost believe. If, however, you take these results and calculate from 
them the scattering of negative pions to be expected at Eederman’s energy, there 
is no agreement whatsoever. That is, at 5 Mev it is necessary to take Zc<\ + °^3 
equal to 7° in order to fit Eederman’s experiment. If we take these quantities 
from the other experimental evidence, Orear obtains 2.6° for this same quantity, 
while Bethe and deHoffman, giving more weight to the low energy data, obtain 
1.6°. Observe that 5 Mev is a very low energy and it is difficult to obtain much 
more than 1.6° from quantities which are proportional to the momentum of the 
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mesons. It is to be noted that in this energy region the coulomb scattering and 
the coulomb-nuclear interference are large so that, in fact, only about 40% of 
the scattering is due to nuclear scattering. 

The best that can be done with this situation is indicated in Figure 2. The 


behavior of C^x is, to say 
the least, erratic; the 
higher energy points do 
not bear very much rela¬ 
tion to the slope of the 
origin. Also, the slightly 
negative result at 217 Mev 
may not be correct. It is 
to be noted that at high 
energy the values of C* 3 
lie well below the straight 
line extrapolated from the 
origin or even from the 
points up to 78 Mev. Orear 
has proposed a way of 
maintaining a linear extra¬ 
polation from the origin in 
this region which will be 
discussed later. 

Turning to the situation 
at higher energy, we have 



Fig. 2 


the total cross section for 
positive meson scattering 
in hydrogen Plotted in 
Figure 3. You will recall 
that last year Ashkin re¬ 
ported on the first exper¬ 
iments in the region of the 
resonance, which have been 
much improved in the mean¬ 
time, primarily by his 
group. Similar experiments 
by Yuan at Brookhaven will 
be reported later in this 
session. They agree essen¬ 
tially with Ashkin in the 
neighborhood of the reson¬ 
ance, but fall off more 
steeply on the high energy 
side. All experimenters 
agree that the maximum 
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value of the cross section at the resonance is only a little greater than 8 77 " > 2 . 
This is the value which would be expected for an ©< 33 resonance. The reason 
why the difference from this value should be very small is easily understood if 

we look at the curves previously given for or L and o ' 3 which, as we see, will not 

make an appreciable con- 

r 00 

tribution when 0^33 goes 

through 90 °. The quali- 70 

tative arguments for the 

. . - 60 
existence of a resonance 

were discussed in more 50 

detail last year, namely ^ 

that the angular distribu- a 40 

tion is 1 + 3 cos^ ^ , that m 

the sign of the coefficient Ij 

of cos O changes as one 2 20 

passes through the reson- , 0 

ance, and that the ratio of 

positive to negative total 100 200 500 1000 2000 

cross section is 3 to 1. _ ,, 

„ E-(LAB)Mev 

This is illustrated in the 

curve for the total 7T~- . 

r lg. 4 

scattering cross section 

given in Figure 4. There is also an argument of Watson’s, concerning the photo 
effect, which is that the cos O term in fT° photo production would be very large 
(which is not true experimentally) if the Fermi-Metropolis set of phase shifts 
were used, rather than those which give a resonance in ^ 33 . It is to be noted 
that the phase shifts calculated from the newer experiments seem to agree quite 
well with the earlier analysis made by Bethe and deHoffman. Preliminary exper¬ 
iments at 300 Mev made at Brookhaven by Margolis are of particular interest in 
this respect. He has only 92 tracks in a cloud chamber which does not give very 
good statistics. The general shape of the cross section is indicated in Fig. 5. 
This angular distribution (as we are accustomed to find above the resonance) is 
more forward than backward, and is approximately 1 + 3 cos^ &. Analysis of the 
angular distribution shows that this 
is quite reasonable in terms of the 
normally accepted phase shift but 

would not be reasonable if one extra- ^ 

polated the Fermi-Metropolis set 

to this energy. By stretching every- - 

thing it would be possible to obtain a 
fit of the Fermi-Metropolis type, 
if one assumes Brookhaven does not 

know how to measure total cross «---— 

sections, that is, if the total cross 0 

section were 100 mb. However, the 

▼p • r 

measurement gives 75 i 5 mb, so 


liri 




Fig. 5 
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that this is safely ruled out. 

Turning now to the question of whether the S phase shifts have to be pro¬ 
portional to momentum, you will recall that last year and earlier there was con¬ 
siderable discussion of whether the S phase of isotopic spin 3/2 might not be of 
the shape indicated in the sketch. (Fig. 6 ) This type of energy variation can be 

repulsive interaction between nucleon ^3 
and meson, an attractive potential of 
long range. Ross has continued this 
idea with the assumption that the attrac¬ 
tive potential may be due to the meson 
interaction, as originally suggested by 
Dyson. There have also been further 
calculations by Noyes. Both are phe¬ 
nomenological. If the actual curve has 
only slight curvature as is now indi- 



explained, if one adds to the normally 


cated, (the dotted curve in the sketch) r lg. b 

then one still needs some attractive long range potential. It would be preferable 
if this potential were not large, since a large attraction gives trouble with the 
other phase shifts. In particular, Ross got into trouble in this regard since he 
found that the value of £X31 was considerable and attractive, which is not borne 
out by experiments. This is of interest in connection with the D phase shifts. 

If we take the coupling constant G 2 from the 3/2 scattering, and use either a cut¬ 
off theory such as Chew’s or the relativistic theory, then the D phase shifts which 
are calculated are extremely small. That is, using Born approximation at 200 
Mev, the D 3/2 phase shift is .3° and the D 5/2 phase shift is - 1 . 2 °. On the other 
hand, an attractive potential may give as much as 5 or 10° of D wave scattering 
at this energy. Orear’s proposal for avoiding curvature in the S phase shift was 
to introduce a large amount of D scattering at this energy. The difficulty with 
this approach, according to Bethe, is that if one does have curvature in the S 
phase shift of isotopic spin 3/2, this indicates a potential which would also give 
a D Phase shift. However if the S phase shift simply varies linearly with momen- 

um, then there is no reason to postulate an attractive potential and no reason to 
expect large D phase shifts. 

In res Ponse to a question of Feynman’s as to whether linear behavior of the S 
phase shifts would be expected at energies as high as the rest mass of the meson, 
Bethe replied, that in the theory, at least, it is the rest mass of the nucleon 
rather than the meson which matters; in an explicit calculation, which may not 

melteTt^’t ^ Vari&ti ° n turns out to be extremely linear. Sachs com¬ 

mented that if one requires that the incoming wave be orthogonal to the proper 

dU itl Urr t° Un H 8 nucle ° n ’ then one obtains curvature of this type without ex- 

not^ e«e»tianvT, 8 f an °PP e ^imer *.ks whither this wls 

that the two points of interaction ’ Sachs replied 

one allows to vary as the moment V Bernardini noted that if 

momentum both this difficulty and that of the Panofsky Experiment are removed. 
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However, as Bethe noted, and Bernardini agreed, this would be inconsistent with 
the evidence of the mesic atoms, which is very strong evidence. 

In response to a question from Peierls as to why one should be so confident 
that the S and D state potentials must be the same, Bethe expanded a little fur¬ 
ther on Ross approach. His idea is that since the meson-meson interaction is 
of very short range, this very local interaction will simply be averaged over the 
virtual meson cloud surrounding the nucleon. This very intuitive picture then 
leads to a spherically symmetrical potential; this potential, however, can be dif¬ 
ferent in states of different isotopic spin, due to the different symmetry of the 
meson-meson interaction in the different states. Its range, that is, the range of 
the meson cloud, is not important, as long as it is not as small as the nucleon 
Compton wave length. Whether it could be as small as a third of the meson 
Compton wave length, as used by Sachs, is not certain. Serber noted that Orear’s 
main point was not whether the S phase shift is proportional to momentum at 
energies as high as 100 Mev, but that at this energy, it is very difficult exper¬ 
imentally to tell S and D waves apart. Bethe agreed that they cannot be dis¬ 
criminated experimentally and noted that the situation here is quite similar to 
the situation which existed a year ago with regard to resonance. 

As to attempts to determine 1 theoretically, it is generally agreed that it is 
possible to obtain a positive 0 < \ by renormalization effects. Levy was able to do 
considerably better than this and obtained a curve for &< \ which is similar to 
what is observed experimentally. However, an attempt by Dalitz and Kalos to do 
this using the integral equation, was unsuccessful; that is, if they made posi¬ 
tive at low energy, they were unable to get CX \ to turn negative around ZOO Mev. 

In response to a question of Erueckner's as to whether the calculation satisfied 
the theorem of Gell-Mann and Goldberger, Gell-Mann commented that all cal¬ 
culations have been made on a basis which violates the theorem; or as Bethe 
remarked, the experimental phase shifts don’t like the theorem. Bethe noted 
that there is one other major problem with the Tamm-Dancoff approach, namely, 
the spurious divergences which arise when self-energy effects are included. 

In lowest order one has the two diagrams indicated in the sketch. (Fig. 7) 






Fig. 7 

The second of these can be renormalized in the usual way, but it then takes its 
revenge by giving rise to a spurious divergence at high momentum of the meson. 
(Feynman--“What does first order mean when G is so large?” Bethe--“I don’t 

know. * ’) 

The final topic Bethe mentioned is the analysis of the photo meson production 
experiments as discussed in more detail by Watson below. The essential point of 
the analysis is to include effects of S and D wave scattering of the produced 
mesons by the nucleons. One important contribution of this analysis is the deter- 
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mination of the coupling constant. 
That is, one has confidence that the 
S wave photo effect goes according to 
pertrubation theory, which is the 
theorem of Kroll and Rudermann. 
Using this theorem, one obtains 
G^/4Tf = 12, which agrees fairly well 
with the coupling constant determined 
from scattering. At this point, Sachs 
interjected a remark to the effect 
that this positive S phase shift was 
connected with the possibility of a 
broad S wave resonance in the state 
of isotopic spin 1/2. This resonance, 
which would occur at energies com¬ 
parable to the 33 resonance, would 
show up clearly in photo production 
experiments. Bethe noted that while 
he is certain that CX ^ is positive at 
low energies, he is by no means cer¬ 
tain that it goes negative at high 
energies. Sachs added that whether 
this effect is important would depend 
critically on the width of the reson¬ 
ance. 

Puppi then presented results on 
the scattering of positive mesons by 
hydrogen at 120 Mev as determined 
in photographic plates. The results 
of this experiment are similar to 



those of Orear. The angular dis- Pig. 8 

tribution, plotted as the differential 


cross section divided by the total cross section, for 390 events, is given in 
Fig. 8 , and this shows a definite depression at small angles indicating destruc¬ 
tive coulomb nuclear interference. The first significant point in the small angle 
region is based on 13 events. The angular distribution can be fitted with the 
phase shifts CX 3 _ !2. 8 °, <*33 = +32.3°, CX 31 = -1.2°. These preliminary 

results are obtained on the basis of an area scan. Seventy per cent of the area 
was scanned twice in order to determine the detection efficiency. The total 

tio^for^ll 100 V* t-° “ 5 ^ determined h Y comparison with the cross sec- 

tion for all inelastic events. The plates were exposed at Chicago in their 135 

iCt Qu:^i 8 arp S adu 0 a ne * ^ ^ ^ 


Yu ar * then reported on the 


measurement of the TT + P total cross section 
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INJECTION 


done at B rookhaven by him 
and S. J. Lindenbaum. Bast 
year preliminary results 
were given for the 150 to 
700 Mev range, but these 
were made with polyethylene- 
carbon difference method. 

This experiment has now been 
done with a liquid hydrogen 
target, the emphasis being on 
the determination of the pre¬ 
cise shape of the resonance 
peak. The experimental 
arrangement is indicated in 
Fig. 9. The counter telescope 
is composed of diphenyl- 
acetylene crystal and liquid 
scintillation counters. The 
momentum determination, 
which is good to about 1%, 
was made by wire measure¬ 
ment. Range curves were taken as 
the check. The direct protons from 
the target were discriminated against 
by time of flight measurement, the 
time resolution being of the order of 
two to three times 10-9 sec; con¬ 
sequently all the direct protons were 
eliminated. The / C^ ) electron con¬ 
tamination was determined from the 
range curve. In the 32° direct beam, 
the contamination at 2.2 Bev amounts 
to about 30 per cent for positive pions 
of about 180 Mev energy, whereas the 
contamination at 0.8 Bev amounts to 
only 11 per cent for fC + beam of the 
same energy (as shown in Fig. 11 
where only the y. tail is shown). An 
example of an electron tail as well 
as a tail is shown in a range taken 
at the 58° direct beam for positive 
pions of 213 Mev. (Fig. 10) The re¬ 
sults of this experiment, compared 
with those of Ashkin, are given in 
Fig. 12. These results show up the 
remarkable fact that the peak is 
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really quite sharp. On the low energy 
side they agree very well with Ashkin’s 
results, but fall off more sharply than 
his results on the high energy side. 

The low point at the peak which was 
given last year, is also given in Fig. 12. 
It is seen that the energy range of this 
point straddled the peak, so that if one 
takes into account the sharpness of 
the peak which this measurement 
averaged over, and the contamination 
of about 3 0% in the beam, this low 
result is explained. A curve of 8TT^2 
is given for comparison with the ob¬ 
served values. (Fig. 13) To get a 
better picture of the whole situation, 
the total cross section curve is plot¬ 
ted over a larger energy interval in 
Fig. 14. The peak of the curve is at 
about 173 Mev. 

Results on the scattering of nega¬ 
tive mesons are also given for com¬ 
parison. Brueckner noted 
that these results give a 
very rapid discontinuity in 
the phase shifts, unless the 
absolute value of the cross 
section is about 4% less 
than indicated here. Yuan 
replied that there still may 
be a systematic error of 
about 2 to 3% in absolute 
value due to the hydrogen 
chamber, the exact dimen¬ 
sions of which, at the liquid 
hydrogen temperature, is 
being investigated. However, 
extrapolation of the phase 
shifts determined by the 
Chicago experiments indi¬ 
cates that the phase shifts 
should go through 90° at 
183 Mev. H. Anderson noted 
that it is by no means neces¬ 
sary that the maximum of 
the total cross section curve 
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occur at the point where 
the phase shift goes through 
90%. 

H. Anderson then reported 
on recent scattering exper¬ 
iments from the University of 
Chicago. Working with 
Anderson were Davidson, 

Glicksman and Kruse. You 
will recall that the Bethe- 
deHoffman analysis was 
based only on the negative 
pion elastic, and charge ex¬ 
change, scattering results, 
so these experiments were 
undertaken to show just how 
clever they were. That is, a 
comprehensive experiment 
at both 165 and 189 Mev was under¬ 
taken. This consisted of a measure¬ 
ment of the Tr+ scattering at these 
energies at 5 distinct angles, the 7T - 
elastic scattering at the same energy 
and angles, and the ft' ~ charge exchange 
scattering at the same energies and 
angles. In addition, the total cross 
section for positive and negative pions 
was measured in a transmission ex¬ 
periment. Thus, one had 17 essen¬ 
tially independent measurements 
which must be fitted by 6 phase 
shifts. This was done by giving the 
AVADAC the 17 measurements and 
the formulae for the phase shifts and 
cross sections, and asking it to mini¬ 
mize the quantity 

\a= i. 

where ^ are the observations, 
are the formulae in terms of the 
phase shifts, and are the exper¬ 
imental errors. In order to do this, 
you must also tell the machine where 
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to start. This was done by taking all possible solutions indicated by the Ashkin 
diagrams for the situation. You will recall that the Ashkin diagram method 
gives solutions in terms of the intersections of circles. Thus, for the positive 
pion scattering alone, there are two solutions for <=* 31 ; each of these is associ¬ 
ated with two solutions for 0 C 33 and CX 31 , the one where CX 33 is large being the 
Fermi type solution and the one where CX 31 is large, the Yang type. Then for the 
7T“ scattering there are again two alternatives for^X \ and corresponding to each 
of these, two alternatives for CX 13 and <Xll. This makes altogether 16 possibil¬ 
ities, and since the signs can be reversed, 32 possibilities in all. However, as 
we have heard today, the results of Orear and Puppi show that only one sign is 
allowed, so that only 16 possible solutions remain. In the case under consider¬ 
ation, only 12 of these actually exist when the Ashkin diagrams are drawn, so 
that these 12 were used to start off the machine. The results of this machine 

search are given in Table HI TABLE III 

PHASE SHIFTS 
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The top half of the table gives the phase shifts solutions given by the Ashkin dia¬ 
gram, and shows their interconnection. The bottom half of the table gives the 
solution the machine found in minimizing M, starting with these possibilities. 

Since statisticians tell us that when one fits experimental data at 17 points with 
free parameters, the expectation value of M is 11; the much smaller values of M 
found here show that all these solutions give very good fits to the data. This hap¬ 
pened in spite of a conscious effort to resist the usual tendency of the exper¬ 
imentalist to overstate the magnitude of his errors. Invoking the arguments 
given in detail by Bethe at the last conference, one can reject the Yang type solu¬ 
tions, that is, those in which 0(31 is much larger than C\ 33 . This leaves only 
solutions number 1, 3, and 8 , which are practically indistinguishable. This de¬ 
generacy is due to the fact that two of the possibilities on the Ashkin diagram 
almost coincide at this energy. The values of (X 3 and CX 33 fall right on the Bethe- 
deHoffman curve, so the experiment need not have been done at all. 

A similar experiment was performed at 189 Mev, and the results of the mach¬ 
ine calculations are given in Table IV 


Table IV 


PHASE SHIFTS 
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aC3! 





6.2 

-2 *1 

- 12.5 
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If we drop the two Yang type solutions, the two remaining Fermi type solutions 
both have unpleasant features. The first has a positive 0 ^ 3 , while the second has 
a very negative 0 < 3 i and CX 33 h as n °t increased. This would indicate, if we were 
to believe this second solution, that CK 33 will not go through resonance. When 
Anderson showed these two solutions to Wigner, Wigner told him to drop the 
second solution on the basis of the following argument. If one is talking about 
scattering by an interaction of a well-defined range A, then positive phase shifts 
correspond to a time delay of the wave in crossing this region, whereas negative 
phase shifts correspond to waves which never succeed in crossing the region. 

If one invokes the principle of causality, this says that the derivative of the phase 
shift with respect to momentum must always be greater than -A. But the remain¬ 
ing solution has the extremely unpleasant feature that 0<3 has changed from -2 0 ° 
to 11 ° in an energy interval of 24 Mev. However, as was pointed out by Bethe in 
his discussion of the phase shifts, one can always reverse all the signs of the 
phase shifts and add 180° to ^ 33 . The resulting set of phase shifts is given in 
the table in brackets. This set is quite reasonable and would indicate that OC 33 
has already passed through 90° by 189 Mev. 

Due to the dominance of the C>( 33 phase shift, it is difficult to say much about 
the phase shifts other than OC 3 . However, one can get an idea of the accuracy 
with which the phase shifts are deter¬ 
mined by asking the machine how much 
the phase shifts can be varied and still 
maintain a reasonable fit to the data. 

This is done by fixing four of the phase 
shifts and asking the rm chine to com¬ 
pute how much variation is allowed to 
the other two, maintaining the value of 
M less than 8 . Since M = 11 is the 
statistical expectation, this still means 
a very good fit to the data. Of course, 
what one should plot is the six dimen¬ 
sional hyper-elipsoid, but the analysis 
has not been extended this far at present. 

This situation at 165 and 189 Mev is 
indicated in Figures 15 and 16 respec¬ 
tively. It is clear from these figures 
that the phase shifts are not at all pre¬ 
cisely determined by these experiments. 

Eventually Anderson hopes to give the 
parameters of a matrix which will 
describe this situation more accurately. 

The final results for the isotopic spin 
3/2 phase shifts are given in Fig. 17. 

The solid curves at low energy are 
Orear’s, and the 0^33 curve at higher 
energy is Bethe’s and deHoffman’s. 






F ig. 15 
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An attempt has been made to indicate 
the uncertainty in the phase shifts, as 
determined by this experiment on those 
two points. The 189 Mev point would 
seem to indicate that the resonance 
occurs at a slightly lower energy than 
given by Bethe and deHoffman. The 
isotopic spin l/Z phase shifts are given 
in Fig. 18. 

In response to a question from 
Blaser, Anderson explained that he had 
done the conversion of the gamma ray 
measurements to the T T ° angular dis¬ 
tributions, in the manner suggested by 
Steinberger, and not in the way they 
had been done earlier at Chicago. He 
added that this had very little effect 
on CX 33 and CK 3 , and the other phase 
shifts are so poorly determined that 
it would be impossible to say whether 
there was any effect there. 

Bethe wished to emphasize two 
points. The first was that Wigner’s 
argument applied also to the Fermi- 
Metropolis solution, which now for¬ 
tunately is directly ruled out by the 
experiment at 300 Mev. The second 
point was to emphasize the caution 
with which the exact values of the phase 
shifts obtained at 189 Mev should be 
viewed. It is by no means clear that 
0( 33 has gone through 90 ° at this 
energy since anything beyond the fact 
that c ^33 is close to 90 ° depends on 
the interference term sin 33 
cos( ex' 33 - ^ 3 ). Therefore one can 
shift C ^33 and 3 over quite a range 
and still maintain essentially the same 
fit to the experimental data. He is un¬ 
happy at the prospect of having the 
resonance occur so low since the rough 
evaluation of the data at 3 00 Mev would 
indicate that o< 33 has only reached 
128° by that energy. In response to a 
question from Marshak it became clear 
that the two new points for C >(3 from 



Fig. 16 
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this experiment do not tell us much 
about the extrapolation to lower ener¬ 
gies. Breit requested a definition of 
the term, resonance, as used here. 
Anderson replied that the minimum 
condition is that the phase shift goes 
through 90°, and the more rapidly the 
better. Breit commented that it is 
somewhat better and goes more deeply 
into the theory of resonance to take the 
point at which the phase shift varies 
most rapidly as defining the resonance. 

Barnes reported that he has meas¬ 
ured the differential cross section for 
the scattering of negative and positive 
pions from hydrogen at 40 Mev at a 
laboratory angle of 3 7-|° with an angu¬ 
lar spread of + 10°, and finds that the 
ratio is Z to 1 for negative over posi¬ 
tive . 


PION PROTON PHASE SHirTS 

FOR I -> 2 cx, O 

C*,3 □ 

CX,, X 



Fig. 18 

Lederman reported on the TT ~ elas¬ 
tic scattering in hydrogen, as meas¬ 
ured by the diffusion cloud chamber 
group at Columbia consisting of 
M. Rinehart, K. C. Rogers, and him¬ 
self. Last year, they had obtained four events, three of which were backward. 
They now have Z6 events in an energy interval from Z.5 to 30 Mev. The accept¬ 
ance criterion is a proton recoil greater than 1 mm in length. The spectrum of 
incident pions is peaked at 15 Mev and has a half width of 7 Mev. In order to use 


all of the data, the maximum likelihod method is employed to obtain the S wave 
phase shift in this energy interval. Coulomb and P wave contributions are 
known, so that the only parameter which remains to be sought is Z oC ^ + C <3 , and 
it is assumed to be of the form Z^( / i+o<' 3 =P+Q'> 7 , where = P/t The 

result is P = 0 ± .0Z, Q = ,Z5 ± .05. This result is not in disagreement with the 
results of Orear, and there is no evidence of any break in the slope in this 
energy region. If one ignores the mesic atom result, and takes the slope of 
Cx^ 3 to be zero at zero energy, then it is barely possible to obtain agreement 
with the Panofsky effect and with Spry’s data. An attempt has been made to fit 
the energy variation of t under this assumption, using the same ideas as used 
by Marshak, Noyes, and Ross. Using a repulsive core of the same size as used 
by Ross, and an attractive potential of depth 75 Mev and of range half a meson 

Compton wave length, CX 1 has the correct slope at the origin and goes negative 
at high energy as is, perhaps, indicated by the data. 
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Steinberger then made the following report for Orear. He has observed the 
scattering of positive TT mesons in emulsion at 24 Mev and finds 8 events. Using 
the known coulomb scattering, and the extrapolated P wave scattering, one ob¬ 
tains from this experiment a value for OC 3 of -2.5 ± 1°. Taking into account ail 
the data, Orear finds that (X 3 =".117? and 1 = + .16 7? . This is capable of 
fitting not only the Panofsky experiment, (as analyzed by Orear) and the mesic 
atom result, but also is capable of fitting the results up to 200 Mev within the ex¬ 
perimental uncertainty. As Steinberger stressed, this is due to the type of un¬ 
certainty already discussed by Anderson. Furthermore he finds that it is pos¬ 
sible to improve the fit greatly, still using these linear S phase shifts, if one 
includes a D phase shift in the D 5/2 state, which varies with the fifth power of 
the momentum, and is -5° in the region of 180 Mev. B.ethe noted that Orear’s 
extrapolation is in agreement with Spry’s result, but fails by the factor of 1.5 to 
fit the Panofsky experiment if the analysis is made in the usual way. Feld com¬ 
mented that a 5° D phase shift at this energy is really tremendously large, and 
indicates an enhancement factor quite comparable to that in the CX 33 phase 
shift. This is true in spite of the small numerical value because of the factorial 
factors that enter in this angular momentum state and amount to a factor of 45. 
Steinberger also noted that with the very rapid energy variation assumed for this 
phase shift, it would soon get out of hand at not much higher energies than those 
already discussed. 

(At this point I would like to exercise my editorial prerogative and insert a 
summary of the various low energy pion scattering results and other threshold 
data, and make a few comments on some of the implications. The five exper¬ 
iments that give us information in the low energy region are those of Lederman, 
Spry, and Orear from scattering, while direct threshold information comes from 
the mesic atom level shifts and the combination of the Panofsky experiment with 
the photomesic production results. The experimental results are summarized 
in Table V. In combination, they predict the slopes of both S phase shifts at the 
origin, and the result of one of the other experiments; these predictions are also 
given in the table. 

Table V 


Experiment 



Result 



C ombinations 

Predict 








cx'r/y 

- °<3^/' r } = • 3 

Lederman 

E 

( 20 c 

1 + °<3)/*T 

= .25 ±.05 

EM 

.186 

-.122 # Ki 

Mesic Atoms 

M 

(c*l 

+ 2<x'3)/*r 

=-.05 8 ± .010 

ES 

.173 

-.097 

M = -.022 

Panofsky 

P 

l 

- <*3^ H 

= .19 ± .04 

MS 

.161 

-.109 

U = .213 

Spry 

S 

W 1 

- ^ 3 ) h 

= .27 ±.04 

Orear 

.16 

-.11 







EP 

.143 

-.047 

M = +.049 






MP 

.107 

-.083 

L = .131 


There are two points I would like to stress about these results. In the first place, 
they are all consistent internally except for the Panofsky effect. Secondly the 
Panofsky effect requires the slope of Cx{ 1 to be much smaller than the other evi- 
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dence indicates. Since the experimental errors are, perhaps, large enough to 
explain some of these discrepancies, I do not place too much reliance on the 
first point. However, the assumption that the slope of £>\ i is as low as indicated 
by the Panofsky experiment has some rather unpleasant consequences which 1 
would like to point out. The experiment of Bodansky, Sachs, and Steinberger at 
61.5 Mev gives a value of C>< \ of about .163, and since yf is equal to .87 at this 
energy, linear extrapolation, with a slope as small as indicated by the Panofsky 
effect, would fall well below this point. From extensive study of the extent to 
which the phase shifts are determined by the 40 Mev data, 1 am convinced that in 
the rather similar situation at 61.5 Mev, where the data are more accurate, it 
would be impossible for OCj to be as low as indicated by linear extrapolation 
from the origin with such a low slope. But then the variation of CX i with momen¬ 
tum must be concave toward the axis, and this has unpleasant consequences. 
Assuming that the interaction is not so pathological as to make an effective range 
analysis impossible, this would mean that, since the scattering length is negative, 
the effective range would also have to be negative. This implies at least one 
node in the zero energy wave function, and consequently at least 2 bound states 
of isotopic spin l/Z, stable against 'JT emission, but presumably unstable against 
gamma emission. There is no evidence for such particles, and I do not think 
that this idea would appeal to many theorists. The alternative is to assume that 
the effective range expansion must be carried to at least 6, that is, 

ctn cf= -y&. * 'A. Y'o Pr -h Q 6 



where P must be negative and Q must be positive in order to fit both the slope at 
the origin and the point at 61.5 Mev. This would lead to an energy variation of 
the phase shift as indicated in the sketch, (Fig. 19) which is also pathological and 
the slope dependent coefficients, P and Q, of the order of several hundred 






Fig. 19 


1S> ° f C ,°y Se ' not -possible that the interaction is as pathological as this, as 
the calculations of Levy and Marshak have shown, but I would prefer to use sim¬ 
pler assumptions if this is possible. I agree with Bethe that the matter is suf¬ 
ficiently serious so that all the experimental numbers entering into it should be 
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states factor, so that a much more careful theoretical analysis of the situation 
than has been made heretofor should also be undertaken. HPN) 

At this point Chew presented results he and Low have obtained using a new 
approach to the meson problem. The time actually available in the meeting was 
insufficient to give a thorough presentation of this material, but Chew has sup¬ 
plied the editor with his complete account which is included in total here. 1 be¬ 
lieve this also answers all the points that were raised in discussion during the 
pres entation. 

1 am going to describe some results obtained by Dr. Low and myself in apply¬ 
ing the Yukawa theory to pion-nucleon scattering and photo-pion production. 
Later, in the theoretical session, I hope Dr. Low will have an opportunity to ex¬ 
plain how these results were obtained; so 1 shall confine myself now to very 
brief and qualitative statements about the theory. 

What we mean by the Yukawa theory is the assumption that the pion-nucleon 
interaction is linear in the pion field; i.e., pions are emitted and absorbed one at 
a time in the basic process. Two apparently different forms of the Yukawa 
theory are currently receiving intense study. The form universally conceded to 
be the more desirable is the “local" theory. “Local" means the interaction 
occurs at a point, so that the only parameter of the theory in addition to masses 
is the coupling constant. The local theory is easily made relativistically invar¬ 
iant and seems to be on almost as sound a theoretical basis as quantum electro¬ 
dynamics. It has, however, been difficult to evaluate in practice, because it con¬ 
tains large matrix elements between nucleon and anti-nucleon states which pro¬ 
foundly complicates all calculations. 

The second form of the Yukawa theory is the “cut-off" form. This theory is 
fundamentally non-relativistic for nucleons and never considers the possibility 
of anti-nucleons. Its chief disadvantage is that it involves a new parameter, 
which can either be described as an interaction length or a maximum momentum 
for pions interacting with nucleons. Its chief advantage has been simplicity. The 
predictions of the cut-off theory can be evaluated and preliminary work at 
Illinois, using a form of perturbation theory, have indicated that in several im¬ 
portant problems, the predictions are correct. 

There are two essential aspects of the new work at Illinois, about which 

Dr. Low and I are reporting at this meeting. 

(1) Using a quite different and more systematic approach, the earlier cut-off 
theory results on pion-nucleon scattering and photo-pion production have been 
confirmed and extended. 

(Z) ...and this is by far the more important... It has been shown that the most 
significantly successful predictions of the cut-off theory are actually independent 
of the value of the cutoff and are also predi ctions of the local theory. 1 shall 
concentrate in this session on the first point. From a purely logical standpoint, 

I could present many of our results as deriving from the local theory--with no 
mention of a cut-off. For pedagogical and historical reasons, however, I prefer 
to use the cut-off theory as a basis of discussion. The chief advantage of this 
approach is that one never need mention anti-nucleons. Another advantage is 
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that a few people, at least, already believe that some of the cut-off theory pre¬ 
dictions are successful. One might, therefore, say that the problem now is to 
see whether the cut-off theory is a true non-relativistic approximation to the 
local theory which can be derived therefrom. Dr. Low will concentrate on this 
point later. 

All the new work is based on an equation discovered last summer by Dr. Low. 
This equation almost fulfills, for the Yukawa theory, the Heisenberg idea that all 
one ever needs to talk about are elements of the scattering matrix. The only 
variable in the equation is, in fact, a matrix which is equal to the S-matrix on 
the energy shell (where all real processes occur). Let me write down the Low 
equation for the special case of pion-nucleon scattering in the cut-off theory. 
Define 

TjT =( 4^ , Vp 



where ip 0 = wave function of single physical nucleon (including the virtual 

^ = wave function for one real meson of type q plus the phys- 


meson cloud), 


ical nucleon, normalized to plane wave plus incoming wave (for reasons which 
many of you know but which are almost impossible to explain in a few minutes 
starting from scratch), and 


\pffr 






Vp- 

the matrix element of the interaction for absorbing a pion of type p 
ition rate from state p to state q is then given by 


The trans- 


J.v'l T P c^)/ cTca P -^) 


or, if one is so inclined, T p (q) can be decomposed in terms of angular momentum 
and isotopic spin and related to the four p-wave phase shifts, CX n, o( 13 , 0<$\, 
CV 33 . In the extreme form of the cut-off theory, where nucleon recoil is com¬ 
pletely ignored, it is easy to show that scattering can occur only in p-states. 

Low was able to show that the matrix T p (q) satisfied the equation 

y~ lp (n; ^ cn) 

^ ^ hi vn t* CT 


“p 


n 





where n is an index labeling the complete set of eigenstates of the total Hamil¬ 
tonian. That is 


Ln ~ ° ) ^P) h) p, +■ ^ pi > kL f ^ Pi. 


f- 
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P, > 


• • 


D- o, P) T, P^J Pi Px p 


The matrix T p (n) is an obvious generalization of T p (q). The terms for n = 0 
re especially important because they can be calculated explicitly, in terms of 
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the renormalized coupling constant, and because they can be shown to give the 
exact answer at U/" q = 0 . Specifically, it can be shown that 

f/p- Ctn = 1 

where g (d), which is the contribution of states with n >0, approaches a con- 
stant limit as cJ —^ 0 and is expected to be slowly varying for cO caJ max 

The coefficients, , are 



State 

-8/3 

11 

-2/3 

13 

-2/3 

31 

+4/3 

33 


One further general result of immediate practical importance is that the con¬ 
tribution to f 33 ( 0 ) of each term in the sums over n is negative, so that the effect 
of higher states is to increase the 33 phase shift over the “Born approximation“ 
and make a resonance possible. 

Experimentally, of course, one can measure only for uO)>\ f but there is 
reason to believe that f(^) ~ f(0) for Z. Thus it is sensible to plot ^ / <a) 

cotc^ to see if a straight line can be identified in the low energy region. This 
procedure is, of course, the analog of the “effective range” approach to the two- 
nucleon problem. In Figure Z0 such a plot is shown, most of the points being due 
to the Eos Alamos cal¬ 
culations of deHoffman, 

Bethe, et al, but one point 
is due to Bodansky, Sachs, 
and Steinberger at Colum¬ 
bia. The points are coher¬ 
ent largely because of a 
smoothing carried out by 
the Eos Alamos group, but 
there was no attempt made 
by this group to match a 
functional dependence of the 
type proposed here. The 
deviation at the high energy 
end is probably real, although 
I shall show that much of it 
is due to neglect of nucleon 
recoil in the cut-off theory. 

Extrapolation of the straight 
line to zero gives the coup- 
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ling constant, = .073, which is not a trivial result, because we now predict un¬ 
ambiguously from the ?\*’s ( /) 33 ), the intercepts of the corresponding plots for 
0( \\ t o( 13, and ^^ 31 . We do not know for sure whether the slope in the other 
three cases is positive or negative, but we expect it to be negative.. We hope that 
very soon, perhaps at this meeting, the experimental status of the three small 
phase shifts will begin to be clarified. 

So long as the experiments can be described entirely in terms of one phase 
shift ( CK 33 ), and so long as the straight line behavior prevails for 0 ^ 33 , it is 
clear that the scattering experiments determine just two numbers, the coupling 
constant and the “ effective range.” It is then no mystery why the cut-off theory 
works. The value of the cut-off can always be adjusted to fit the effective range. 
For example, the dashed curve in Fig. 20 is a theoretical one obtained for 
f^ = .08, k max = 6 // , by keeping only the n = 1 terms (Tamm-Dane off approx¬ 
imation). (The .08 intercept was chosen for a trivial reason connected with our 
method of calculation.) 

It may be noticed that at high energies the theoretical curve deviates from a 
straight line in a direction opposite to that of experiment. We believe this to be 
a fault of the n = 1 approximation rather than of the cut-off theory, but further 
calculations can settle this point. The only other possible test of the cut-off 
theory by the scattering experiments is through the small phase shifts. That is, 
theory should predict them to be 4 10° for cd<Z. In Fig. 21 are shown the pre¬ 
dicted values for all the P-phase shifts, using the cut-off theory in the n = 1 
approximation, with f 2 - .08, k mac = by- . I think it is safe to say that up to now, 
no experiments contradict this kind of behavior for the small phase shifts. 

For the local (relativistic) theory, the Low equation leads to the same general 

conclusions as above. The only change is a minor one due to nucleon recoil 

which says that in making the effective range plot the pion energy (u)) should be 
replaced by 


2 )* 


= u) + 



the total energy in the center of 
mass system. In Fig. 22 the 
relativistic plot is shown. Much 
of the experimental deviation 
from the straight line at high 
energies is now removed and the 
intercept is slightly different, 
corresponding to 
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With no additional parameters, 
the local Yukawa theory, of 
course, will make a definite pre- 
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diction as to the effective range, 
but to calculate this prediction 
will require a major effort. Pro¬ 
vided the anti-nucleon (pair) 
terms can be dropped from the 
Low equation and the n = 1 approx¬ 
imation is valid, we believe there 
is a good chance that the correct 
number will emergy. Our argu¬ 
ment is that for dimensional 
reasons, the cut-off theory with 
Kmax^^ is almost sure to be 
similar to the local theory with¬ 
out pairs. (This fact has been 
verified explicitly by Wyld in 4th 
order perturbation theory); and 
we have produced the correct 
effective range in the n = 1 approx¬ 
imation to the cut-off theory, with K max = 6/^. No systematic study has yet been 
made of the reliability of the n = 1 approximation. However, various estimates 
of the n = Z term of the cut-off theory suggest that it is not important for ^ ^ Z, 
althought it may become important at high energies. We believe, therefore, that 
the effective range is given fairly well (within 30%) by the n = 1 approximation. 
Since I have been talking for some time about the T-D approximation and will be 
talking about it some more in connection with photo-pion production, let me em¬ 
phasize that the coupling constant-effective range representation of the scatter¬ 
ing is quite general and will survive even if T-D is inadequate. 

I shall now pass on to the problem of photo-meson production. Again let me 
begin with the Low equation in the cut-off theory. (These are no longer any free 
parameters, so we shall now be making definite predictions.) Define 
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where J is the current operator of the pion-nucleon system and 

^k/^k This is the photo-production matrix element, 

able to show that 


Low was 



where Tl has the same meaning as before. 
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Now there are two types of terms which involve and which can be ex¬ 

plicitly evaluated. The commutator alone gives rise to two terms, both of which 
produce charged but not neutral pions: 




jcr- e 


(K-% f + ^ 



▼ 

(N.B. f has already been determined from the scattering.) 

The first term is pure S-wave and is well known. The second term is a mixture 
of all angular momenta. It vanishes at threshold but is of the same order of mag 
nitude as the first as soon as ~ ja . Actually the second term is much easier 
to understand than the first in terms of the atomic photo-effect. It would give 
rise, by itself, to a Sin 6/^\ — y/-COS€$ angular distribution and corresponds to the 
direct ejection of a charged pion from the self field of the nucleon. For some 
reason, phenomenological treatments of photo-pion production have always ig¬ 
nored this term. This is unfortunate because it means we cannot use the results 
of these analyses to discuss the Yukawa theory. We must start from scratch. 

The n = 0 terms in the sum result from the electromagnetic interaction of the 
single (physical) nucleon and, in the extreme no-recoil limit, are ail of the mag¬ 
netic moment type. In fact, they are proportional to the static nucleon magnetic 
moments, and the latter being known, we have no ambiguity as to the value of 
these terms. It may or may not be true that the Yukawa theory explains the full 
nucleon moments; in any case the complete static moment determines the value 
of the n = 0 term in the Low equation. 

The terms for n>0 correspond to scattering of the pions fed in by the three 
above terms. Only the P-waves scatter, of course, and one naturally projects 
onto the four eigenstates, 11, 13, 31, 33. The equation can easily be solved in the 
n = 1 approximation and the following general results emerge: 

(1) Secondary scattering of the meson current term is unimportant except in 
the 33 state and even there the effect on the amplitude is only 20%. 

(2) Secondary scattering of the magnetic moment term effectively multiplies 
the n = 0 term by£' SmS/ Born Approx. This suppresses all but the 33, so that 
the sum of the 11, 13, 31 is again only20% in the magnetic moment term, (they 
are very important in the meson current.) 

(3) The only large term in addition to that written above is 


\-{iJ [j i xt) + cr-c^x,(Xxe)J 



%)$f> An J. 
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n 
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w reSU i t lS ’ by the Way ’ general - not J ust in the n - 1 approximation, 
ere then is a good first approximation to the photo-pion amplitude which is 

but e the n a e t CU :° ff - We add the 2 ° % corrections mentioned above 

thereby experiment is, in most cases, not appreciably changed 
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The simplest experimental quantity to discuss is the total neutral cross 

sec ion (cross terms vanish, so corrections are^ 5%). This involves only the 

magnetic moment term and is shown in Figure 23. At low energies there is per- 
haps a meaningful discrepancy, r 

but we have not worried about 

it too much because the 

TT° _ 7T + mass difference 

there gives rise to difficulties. I " 1 / \ --'- 1 

Note that (5^_ . 250 I-»o cm* j t\ total neutral photopionj 

In Figure 24 is the total A 1 \ cross section 1 

charged cross section. At low / 1 \ #* 071 

. 200}- / \r 

energies, the S-wave dominates j \| j 

and is proportional to f^. Near / \ I 

the maximum, many partial 150 L / J 

waves contribute, but the peak / J C.I.T. j 

is due to l/z cr 0 _ . This / * Illino * 

100 - / J 

plot contains some of the small J 1 

effects since there is inter- A f 

action between meson current 50 ‘ / -j 

and magnetic moment terms. 

Table 6 gives the 7T 0 angu- _ L _ { _ i _ 

lar distribution. Here the inter- 10 19 20 2 5 30 

ference with the 11 state can ^ 

cause a substantial shift with 
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energy. 

Figure 25 shows the 'T r + 
angular distribution at 265 
Mev. The formula for this is 
so complicated we haven’t had 
the strength yet to evaluate it 
at other energies; but we have 
no reason to think things won’t 
work out, at least up to the 
resonance. 

Now, how much of this will 
hold up in the local theory? 

The following is known: The 
n = 0 terms are as above and 
are exact in the limit td* —^0. 
(This is a generalization of the 
Kroll-Rudermann theorem.) 

The following is surmised: 
since our main correction to 
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the n = 0 terms is independent 
of the cut-off and has a very 
general appearance, we believe 
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it will follow also from the local 
theory.. That it will do so in an 
n = 1 (no pair) approximation to 
the local theory is even more 
likely. 

Therefore we believe that if 
one can show that pairs are sup¬ 
pressed in the local Yukawa 
theory, there will be a good 
chance that this theory success¬ 
fully describes the photo-meson 
as well as the scattering exper¬ 
iments . 

(The following material was 
presented at the end of the 
Wednesday afternoon session 
due to lack of time in the Monday 
morning session; it is given here 
where it logically belongs in the 
proceedings. HPN) 


TABLE VI 

neutral photophion angular distribution 
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Watson reported on an inves¬ 
tigation of the structure of the 
matrix for the photo-meson pro¬ 
duction, deduced directly from 
the experiments which he, 
Gell-Mann, and Wigner have all 
been conducting. His problem is 
closely related to the problem 
of determining the phase shifts 
in pion-nucleon scattering. The 
wave function for the problem 
can be written as 



where for an ordinary scattering 
process £ s . Fora 

simple two-channel process such 
as photo production by a single 
multipole leading to a single 
scattering state, the S matrix has 
the structure 
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Here, clearly, the diagonal elements are the scattering of gamma rays by the 
nucleon, and the scattering of pions by the nucleon, respectively. The off- 
diagonal terms clearly cause the transition and are of the order T' e '/fT c -' 

The gamma ray scattering phase shift is also this order of magnitude so that, 
dropping terms of this order, the S matrix reduces to the second form given 
above. That is, simply the requirements of symmetry, detailed reversability, 
and unitarity, show that the amplitude of the decomposed meson is determined 
specifically by the meson scattering phase shift. Where several terms are 
present, we find, indeed, that the phase of the interference between them is 
uniquely determined by the meson scattering phase shifts. In the following 
analysis, it is presumed that only S and P waves enter into the scattering, which 
gives us, in the first case, electric dipole transitions , and in the second, mag¬ 
netic dipole and electric quadrupole transitions. It is further assumed that the 
process can be separated into those terms which go into the 33 state and those 
which do not. Under these assumptions, the photoproduction of positive and 
neutral pions has an S matrix composed of 8 elements, and the experimental data 
is insufficient to determine these explicitly. However, if one assumes that only 
the enhanced states, that is, those which lead to the 33 scattering state, should 
be dominant, the analysis is feasible, and a cross section can be written as 

CT' = Ao ■*" CO3 0 -t- A 2. COS© 


The non-enhanced terms contribute an angular variation proportional to sin © . 

The data on positive and neutral photo-production obtained at Cal. Tech, in 
the energy region between 200 and 400 Mev has been analyzed in this way. The 
S wave contribution is given in Fig. 26, where it is compared with the prediction 
made by Chew and Cow. This prediction is seen to agree fairly well with exper¬ 
iment, and extrapolates extremely well to the value at threshold determine 
directly by Bernardini. The enhanced P wave contribution, that is, the part pro¬ 
portional to sin 0 ^ 33 , is given in Fig. 27. The parameter Z labeling the curves 
was introduced by Fermi, and can be interpreted as the distance from 1 e 
at which the pion is produced. In the theory of Chew and Cow, this is ance i 
less than half a meson Compton wave length, and the parameter Z is ess 
0 4 Above 400 Mev, the contribution from the non-enhanced waves become 
comparable to those which are included, and this analysis is no longer feasible. 

It turns out empirically that a reasonable fit to the data can be obtainedl usin^ 
only four parameters. The fit to the positive pion photo-production g 
Fig. 28. The corresponding agreement with the neutral photo-pro uc ion ^ 

using the same four parameters, is given in Fig. 29. In this ana ysi 
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ments of the S matrix are pure numbers 
plotted as a function of energy in Fig. 30. 
ence of the terms entering into 
the analysis are given in Table 
VII. One feature of this analysis 
in terms of an enhanced trans¬ 
ition to the 33 state, as has also 
been remarked by Feld, is that 
the polarization of the recoil 
nucleon in photo production will 
be small. The prediction given 
by this analysis is plotted in 
Fig. 31. Hence experimental 
measurement of this quantity 
would provide quite a stringent 
test of this type of analysis. 

The negative to positive ratio, 
predicted by this analysis, is 
plotted in Fig. 32. In making 
this calculation, it was assumed 
that the ratio was unity for the 
enhanced part of the production, 
rather than what has to be used 
in the rest of the terms. 
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lying between zero and one. These are 
The formulae for the energy depend- 
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An attempt was also made to include the 
effect of higher waves on the analysis. 
This was done by calculating the higher 
waves to be expected, using the model 
of Chew and Low. It was found that 
these modified the analysis very little. 

The most important change occurred in 
the S wave. 

5 ern ardini then reported on exper¬ 
iments on the photo-production of pions, 
starting with the production of neutral 
pions since these are simpler to dis¬ 
cuss. This is the work of Caster and 
Niels. Fig. 33 gives the Bremsstralung 
spectrum as measured by Hanson and 
Fee. It is seen that the corrections for 
the efficiency of the pair spectrometer 
give agreement with the calculated 
curve. Since the gamma ray spectrum 
is now known, it is possible to get a 
yield curve directly. This is given in 
Fig. 34. This is the experiment of 
Feiss and Robinson which was men¬ 
tioned earlier in connection with the 
scattering lengths, giving their value at 
threshold. In either the Watson analysis 
or the Chew theory, the total cross sec¬ 
tion is given by 

c\ /6 
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The S contribution is expected to be 
small since it can arise only from 
nucleon recoil or from virtual charge 
exchange scattering. An experiment 
was undertaken to check whether this 
was true. The results of all the total 
cross section measurements to date are 
given in Fig. 35. The results of this par¬ 
ticular experiment, close to threshold, 
are given in Fig. 36. It can be seen from 
this semi-log plot that the function does 
not vary as (E - EtP/ 2, but more steeply; 
in fact the energy variation is given by 
(E - Et)^*^ The experiment was also 
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done by looking for the re¬ 
coiling proton, using the 
method employed at MIT. 
These results are plotted 
in Fig. 37. It can be seen 
from this that the S wave 
is really small and hence 
can be neglected in the 
total cross section. Under 
these circumstances we 
can write precisely that 



The energy variation close 
to threshold is then 
u) * x . This depend¬ 
ence on uJ is the difference 



INCIDENT PHOTON ENERGY IN L.S. (Mev) 


between the analysis of Chew 
and Low and that made by 
Watson. One finds on looking at the data 
that this U) dependence does a lot of 
good things, and leads to a correct 
description of the experiments. By 
taking the value of given by Chew 
and Low, it is possible, therefore, to 
evaluate 0^33 from this experiment 
in order to compare it with the value of 
the phase shift as determined by the 
scattering. This is done in Fig. 38 in 
comparison with the Bethe-deHoffman 
phase shifts. There is one difficulty 
here in that, at these energies very 
close to threshold, it is no longer pos¬ 
sible to ignore the difference between 
the neutral and the charged pion mass. 
So the phase shifts have been calculated 
using either the neutral or the charged 
mass in computing the momentum. 

Turning to the production of positive 
pions from hydrogen, the results of 
Benventano, Lee, and Stoppin, at lab 
angles of 45° and 150° are given in 
Figs. 39 and 40. A composite of the 
data from the various laboratories is 
given in Fig. 41. 
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Looking particularly at the 265 Mev data, 
it is to be noted that the dotted line, 
which is Watson's fit, goes to zero at 
zero angle, in contradiction to the data, 
whereas the solid line due to Chew and 
Low is in agreement with the data. 

This is due to the fact that the Chew- 
Low theory has the additional term 

V‘*'S\ri a Q/('\ — COS&y which 

gives this agreement with experiment. 
The matrix element which is used is 
directly connected with the electro¬ 
magnetic properties of the nucleon 
and is given by 


M, = Mss + Am , 
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This gives f^ = .08, whereas the 
S wave data indicated f^ = .072. 
The reason for this discrepancy 
is that the S wave extrapolation 
was done assuming a straight 
line, whereas actually the data 
indicates that there is a rise as 
threshold is approached, and 
the actual value from the S wave 
will be much closer to .08. 

This would give a value of G^/4TT" 
of 13 11 or less. 

Panofsk y reported on an ex¬ 
periment undertaken in collabor¬ 
ation with C. Newton and G. Todh 
to measure the direct electron 
production of pions. This has 
been started in order to see, in 
the first place, whether there is 
any anomalous behavior which 
cannot be consistently explained 
in terms of the virtual photon 
picture, and secondly, because 
it is conceivable that such an 
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cesrSlT C Th 8iVe additi °r al i ; f0rmati0n abOUt the photo-meson production pro- 
cess itself. The experxment is done by using a liquid hydrogen target with and 

without a radiator in the electron beam in front of the target. One takes the num- 
er of mesons produced, as a function of the radiation length of material in front 
of the arget, and extrapolates to zero radiation length, in order to obtain the 
equivalent radiation length for direct electron production. One thus obtains the 
ratio of photo-production to electron production. This turns out to be sensitive 
to the contribution from various multipoles in the process. The first experiment 
completed so far was done at 90 o, where the electric quadrupole contribution 
will be a minimum. Further experiments will be done at various angles in order 
to give a direct measure of the electric quadrupole absorption. Experimentally 
the chief problem is to find out how much gamma ray and neutron impurity that 
there is in the beam. This was accomplished by deflecting the electron beam so 
that it just misses the target; it was then found that the impurities contribute less 
than 10- equivalent radiation lengths to the results. Results obtained thus far 
are in excellent agreement with magnetic-dipole absorption. Dalitz noted that 
the increase expected for electric quadrupole production over magnetic dipole 
production comes entirely from the quadrupole transition induced by longitudinal 
photons. The comparison, therefore, depends mostly on the longitudinal quadru¬ 
pole matrix-element , which is generally different from the transverse 

quadrupole matrix-element effective in photo-production. Also, the predicted in¬ 
crease comes from large angle (electron) scattering and large momentum trans¬ 
fers, and assumes rises linearly with momentum transfer — this increase 

will be cut down owing to the nucleon recoil and because it seems unlikely from 
theory that Qreally does rise in this way. 




Tuesday Morning: High Energy Pion Phenomena, G. B. Collins presiding. 


It was intended, at this session, to discuss pion scattering (both elastic and 
inelastic) above 300 Mev, and nucleon-nucleon production of pions (single and 
multiple) above 500 Mev. Yang began the discussion by presenting a survey of 
the entire field. He divided the experiments that have been and are being done 
into three general categories: i) total cross section measurements, ii) work on 
differential cross section for elastic (sometimes called diffraction) scattering, 
and iii) multiple pion production. The production of “strange" particles will not 
be discussed here; it is known that the cross section for their production is less 
than 3% of the total cross section at these energies. 

Total cross sections for TT+ + p and + p were reported here last year, but 

a fuller report will be given later. One of the puzzling features of these cross 
sections is that the T = j part is very small below' Z50 Mev, rises to a broad max¬ 
imum of about 60 mb at 1 Bev, and falls off at higher energies. This is to be 
contrasted with the total cross section in the T = 3/2 state where, as is well 
known, the low-energy total cross section is very high--about ZOO mb at 170-180 
Mev. in attempting to account for the behavior of the T = | scattering, we must 
remember that the explanation for the large 3/Z cross section has been that 
there must be a large phase shift, at the low energies, for T = 3/2, J = 3/2, even 
parity. But such a predominance of a single phase shift does not suffice to ex¬ 
plain the 60-millibarn cross section at 1 Bev in the \ state. To sharpen this 
argument, we note that in general 




J = 0. ±Zz 









a condition that is independent of any other theoretical details. Next we observe 
that, at 1 Bev, p/mc for the meson in the center of mass system is about 4 2 
giving U7T% = 12 mb. Then if we take the elastic-to-total cross section ratio to 
be about 1/3, in general agreement with experiment, we see that the total cross 
section cannot be greater than about 4 mb for J = A. Also, if the collision para¬ 
meter for pion-nucleon scattering is taken to be the Compton wave-length of the 
pion the angular momentum is about 4 units and we do not expect J to be much 
greater than 4. But J - 4 still gives us an upper limit of only 18 mb for the total 
cross section It is, therefore, natural to assume that the interaction is of such 
a nature that it is stronger in all angular momenta for the \ state than for the 

not ,\ W b * Said ‘ h ° Wever > that ^e argument just given is 

not completely rigorous, in that nothing really prevents us from assuming that 

an P uL rge 6XCeS t * V S , Catterin g at 1 Bev is due to the contribution from one 

tTon llash e th Um T V/V *°?* ^ inStance * if ^ ™ke all of the cross sec¬ 
tion elastic in the J = 5/2 state, we would make up most of the T = y excess 
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scattering. But i, this is really the case, the elastic part of the T - 1 set • 
reiaure to the ineiastic part, wouia hay. to he iarge/than Is 

„J. h V iS "l" ch that need be said ab »" t ‘he differential elastic cross sec- 
T 1 ln 3'~ ^j 3n . p scatterl ng. The optical model of Fernbach, Serber and 

to In of us. nat6d aU thinking ° n theSe P r ° blems in a way that is now familiar 

Next, we consider the problem of meson production. The phenomena here are 
of course, extremely complex, and so far the attempts at understanding them ’ 
have consisted of _ cataloguing” the observations. A useful concept in this work 
is Fermi s statistical theory of high-energy processes, including Fermi’s sup- 

ideas ha ve been useful in giving us order-of-magnitude estimates of the 'various 
possible cross sections. But when we look at details of the experiments we see 

TSsr T 7° ment " m correlat i°ns that are definitely not consistent wiih the 
statistical notions. Many people, particularly Peaslee, have suggested a picture 

Ihe'nu l °f the meson.production takes place through an excited state of 

resonance in pion scattering. Such a picture is not to be taken very literafly 
because we know that the scattering resonance has a rather large width. How- 

facts’- the P1C 6 provides qualitative explanations of at least three rather strange 

star P t r ° d 1 U L ed haV6 ' ^ the Wh ° le> 1653 6ner ^ tha " Predicted by the 

statistical theory; the excited-state model accounts for this by making the meson 

prefer to move with the relatively slow nucleon; 

2) at comparable energies, n-p collisions lead to considerably greater double 

pion production than 1T- P collisions; the explanation, of course, is that in the 

former case both nucleons can be excited, while in the latter case only one 
nucleon is available; 

3) the angular distribution of pions produced in n-p collisions exhibits some 
odd features that can be accounted for by the excited-state picture if it is sup¬ 
plemented by the assumption that the momentum exchange between the two 
nucleons is not large. 

There have also been attempts to associate this excited-state model with the 

charge distribution of outgoing particles, but up to the present no definite con- 
elusions have been reached. 

Piccioni gave the first experimental paper of the session, reporting on the 

total pion-nucleon cross section measurements that his group is carrying out at 

the Cosmotron. Some results of the work were reported last year. Since then, 

the geometry of the experiment has been improved, the energy range has been 

extended, and the shapes of the curves that are believed to be closer to the truth 
are somewhat different from what they were. 

The data on hydrogen were obtained with CH 2 -C differences. And, as before, 
since an external TT+ beam above 1 Bev is not available, one resorts to the some¬ 
what dishonest t rick of as s uming that the d ifference between the neeative pion 
1 R. L. Cool and D. D. Clark - sC - 
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Fig. I 


cross sections in D2O and H2O 
is equal to the TT” -n cross 
section at the higher energies. 

We expect this to be in error, 
but perhaps not by much; X 
for the pion is about 10“^ cm. 

A check has been made at 800 
Mev with the honest processes, 
with results that will be shown 
below. In future measurements, 
it may be possible to obtain 
TT + beams up to 1.5 Bev. 

Fig. 1 shows the geometry 
of a typical high-energy / TT ~ 
beam used in this work. It is 
taken off at a small angle from 
an internal Be target, and an- 

lyzed both in the Cosmotron magnetic field and in an additional magnet, as shown. 
The other geometry that has been used is shown in Fig. Z. It takes a “direct” 
beam from the field-free region, and so includes both TT + and TT ~. The rough 
analyzer Ml and subsequent collimators prevent the first counter from seeing 
the internal target. A second magnet MZ then provides finer analysis. This 
system tends to reduce yk -contamination, since muons born ahead of MZ have 
low momentum and are swept out of the beam. 

At energies around 500 Mev, analysis of yk -contamination by neat separation 
in range is not possible. 

Also, the method of filter¬ 
ing out pions and assigning 
the remainder of the count 
to muons is not very good. 

The technique that was used 
is a comparison between the 
differential range curve for 
protons in the 40° direct 
beam with the curve for 
mesons; by this means it 
was found that the yk - 
contamination in this geo¬ 
metry is about 5%. At high 
energies, the electron con¬ 
tamination, observed by 
means of showers produced 
in Pb, was found to be very 
small. At low energies, the 
electron contamination was 
estimated by making use of 
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the fact that, while the posi¬ 
tron-electron ratio from decay- 
gammas of neutral pions is 
unity, the plus-minus ratio 
of pions is different from 
unity. Again it was found 
that the contamination is not 
large. 

The present state of the 
results is shown in Fig. 3. 
First, let us note the check 
points at 800 Mev for the d-p 
vs. n comparison. The 
checks were made with pions 
of both sign, and the average 
deviation of these points from 
corresponding proton data is 
4.5 h 2 mb. The data given 
here are not in disagreement 
with those previously re¬ 
ported, but the greater detail 
of the new points shows that 
the variation of the T = \ 
cross section with energy is 
not so gradual as had been 
assumed. The maximum oc¬ 
curs at 950 mb., and the cross 
section has dropped to a steady 
value of 30 mb. after an in¬ 
crease of only ZOO Mev of 
laboratory energy. The 
corresponding change of 
total energy in center of mass 
is only 100 Mev, while the 
change of pion energy in cen¬ 
ter of mass is only 60 Mev. 

As Yang has pointed out, the 
cross section at 950 Mev is 
considerably in excess of 
what would be expected from 
a single reasonable J-value. 
Fig. 4 is a composite plot of 
all pion data so far available. 



Fig. 3 



Fig. 4 
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Some of the Brookhaven results on nucleon-nucleon scattering were reported 
next by Leavitt, who spoke first about measurements of total p-p and p-n cross 
sections that have been carried out by Shapiro, Chen, and Leavitt. The usual 
transmission technique was used, with three scintillators in front of the absorber 
and a single large counter behind. The ratio of quadruples to triples was taken 
for the transmission. CHz-C differences were used for p-p data, and D 2 O-H 2 O 
for p-n. Protons scattered at 32° from an internal target were analyzed mag¬ 
netically before entering the counters. The energy spread of the useful beam 
was about ± 30 Mev. Meson contamination was negligible. Points at 2.0 and 2.6 
Bev were obtained by making use of protons thrown directly out of the machine 
by blow-up introduced at the end of acceleration. Cross sections were measured 
as a function of solid angle subtened by the last counter at the absorber, and 
extrapolated to zero solid angle. The slopes of the lines varied considerably 
with energy, but the difference between the extrapolated cross section and the 
value actually measured in best geometry was never more than 2 mb. Fig. 5 
shows the p-p data so far obtained up to 1.3 Bev, together with the low-energy 
results from other experiments. The data are nicely joined. It should be noted 
that some checks on the CH^-C 
difference have been made with 
liquid hydrogen, and no dis¬ 
crepancies found. The p-p re¬ 
sults at the highest energies, 
as well as the p-n data, are 
given in Fig. 6. The square 
point at 410 Mev is the Chicago 
n-p cross section, while the 
diamond is the (p-d)-(p-p) dif¬ 
ference (Nedzel et al.) at the 
same energy. The triangular 
point at 1.4 Bev is the n-p cross 
section measurement made 
with a broad neutron spectrum 
from the Cosmotron by Coor 
et al. While at 400 Mev there 
appears to be little error intro¬ 
duced by taking the deuterium- 
hydrogen difference, a signifi¬ 
cant discrepancy seems to come 
in at higher energy. 


50r 


4d- 



£-— 


1 


h 


6 

Q. 

1 

e 1 


o- 


<y- 


h 


k 


i 

A 


t 


-X* 


o- 




r 


<£ - BROOK HAVEN im{uw 

A -CARNEGIE TECH 
o -CHICAGO 
x -BERKELEY 
H -HARVARD 


TOTAL p-p CROSS SECTION vs ENERGY 


i 


1 


200 


400 600 000 

PROTON LAB ENERGY. MEV 


OOO 1200 1400 


Fig. 5 


Next, Leavitt described an experiment on elastic p-p scattering differential 
cross section, being carried out by Smith, McReynolds, and Snow. The internal 
beam of the Cosmotron strikes an internal target (1/4” x 1/4” CHz) and con¬ 
jugate protons are detected in coincidence with small plastic scintillators 
Curves of included angle and time of flight are taken to insure that only elastic- 
ally scattered protons are counted. The angular resolution is 0.5°. The amount 
of quasi-elastic scattering from C is found to be very small. The results are 
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Fig. 6 


shown in Fig. 7. Again 
we see good agreement 
at 440 Mev with other 
experiments, but the iso¬ 
tropy of the scattering 
rapidly gives way to 
strong forward peaking 
at higher energies. At 
each energy, total elas¬ 
tic cross sections were 
calculated by extrapolat¬ 
ing the curves to 0°; 
these cross sections are 
shown in Fig. 8, together 
with the corresponding 
total (elastic plus inelas¬ 
tic) cross sections from 
the first experiment. 

The difference between the two measurements is then presumably due to the in¬ 
elastic part of the scattering, and these points are plotted as crosses in the fig¬ 
ure. The triangles plotted at low energy come from measurements of meson 
production in that region. We see that the inelastic processes become rapidly 
significant above 400 Mev, and this is consistent with the forward peaking of 
elastic scattering at higher energies if we regard it as a diffraction phenomenon. 
Finally, it is to be reported that the elastic scattering results at 1000 Mev have 
been fitted to a simple optical model, 
and imply a radius of about 0.7 x 10“ 13 cm. 

In discussion of this paper, Leavitt 
was asked whether or not, in spite of 
difficulties with the deuterium-hydrogen 
difference, the shape of the p-n curve 
(Fig. 6) is expected to be reliable. 

Leavitt replied that since the discrep¬ 
ancy is small at low energy and large 
at high energy, the shape may in fact 
be wrong. Bethe remarked that, in 
view of the fact that elastic scattering 
is largely forward at high energy, the 
momentum transfer to nucleons in the 
deuteron will often be small, and so 
the effects of coherent scattering may 
not be negligible. Leavitt noted, how¬ 
ever, that over most of the angular 
range involved in the transmission 
measurements, the momentum transfer 
is considerably larger than the initial 




O 
U J 

(/> 

</> 

</> 

o 

cr 

o 


U J 

cr 


2 

o 



10 20 30 40 50 60 70 80 

CENTER OF MASS ANGLE (0EGREES) 


Fig. 7 




momenta in the deuteron. 
Segre asked as to whether 
it is justifiable to assume 
that meson production, 
which must account for 
the inelastic part of the 
cross section, is additive 
to the deuteron. Leavitt 
replied that it is difficult 
to say for sure; Marshak 
pointed out that, to the 
extent that Piccioni’s 
cross sections are the 
same for n as for d-p, 
the assumption ought to 
be good. 



Shutt then reported on 


Fig. 8 


observations of multiple 

meson production by Cosmotron neutrons in a hydrogen-filled cloud chamber 
Some of this work, done by Fowler, Thorndike, Whittemore, and Shutt, has 
already been reported--a discussion is to be found in the proceedings of the 
fourth Conference. Three-pronged stars are concentrated upon in the analysis. 

ey arise from outgoing particle clusters of type np+-, pp -, and pp-O, and we 
shall consider only the first two of them at this point. We recall that, in the ole 
data at high energy, there appeared to be a preponderance of double meson pro¬ 
duction in disagreement with the statistical theory. The observations have now 

been extended to lower energy by Hallenmeyer, giving the following double-to- 
single ratios: (Table I) 


TABLE I 


Energy Interval (Bev) 

(1) (np+-)/(pp-) 

(2) R 2 i obtained by Fermi-type arguments 

(3) R 21 predicted by statistical theory 

(4) R 2l obtained with excited model 


0.6 - 1.0 

1.0 - 1.5 

1.0 - 2.2 

1/12 

2 8/7 

9 8/2 9 

0.05 ±.05 

2.0 ± .7 

2.2 ± .4 

0 

0.05 

0.09 

0.03 ±.03 

0.6 ± .2 

0.7 ± .2 


The meaning attached to each of these „ 

ing way, taking the last column in Table I as C&n b ® made clear in the folio 
stars have been observed, whose -ample: 127 three-pronged 

between 1.0 and 2.2 Bev. Analysis of the t^ mCldent neutron energy 

while 29 are pp-. What w e wish to deH r&cks shows that 98 are of type np+- 

Sh t0 deduce ^om this, for the sake of comparis 
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with theory, is the experimental ratio, call it R Z1> of double-production cross 
section to single-production cross section. Thus, the number 98 must be in¬ 
creased in order to include double-production events that were not counted, such 
as nn+-; the number 29 must be increased for the unobserved single-meson 
events, such as nn + . Unfortunately, there is no experimental way of doing this. 
By using charge independence arguments, for instance, as suggested by Fermi, 
one can obtain a number for R Z1 from the experimentally observed ratio 
n P+-/pP~. This procedure gives us R Z1 = 2.2, given in row (2) of the table, 
which is now only an estimate of the experimental doubles-to-singles ratio. On 
the other hand, Fermi s statistical theory, based on phase space considerations, 
predicts the ratio 0.09 (row (3)) and it is, therefore, indicated that, despite the 
correction that had to be made to it, the experimental result disagrees with the 
theory. Finally, making use of the excited-state model, described in Yang’s re¬ 
marks, for correcting for the unobserved single-meson events, one obtains a 
number R z ^ = 0.7, given in row (4). 

As an indication that there is some truth in the excited-nucleon picture, per¬ 
haps a better feature than the absolute ratios is the fact, apparent from the table, 
that the reaction np+- begins to predominate in the 1.0 - 1.5 Bev region. The 
argument goes as follows: for neutrons of laboratory energy 1.25 Bev, 0.54 Bev 
is available in the n-p center of mass system. In order to make two excited 
nucleons (p-t- and n-) in excited states at 140 Mev, 0.56 Bev is required, in good 
agreement with what is seen. 

Next, Shutt reported on observations of meson production in the cloud chamber 
with protons incident on hydrogen. In this experiment, one sees events in three 
categories: 1) elastic scattering, which is relatively easy to identify; 2) two¬ 
pronged events that are not elastic, and that may be single or multiple meson 
production; and 3) four-pronged events, presently called pp+-. Concentrating on 
events of the third type, groups cooperating with the Brookhaven group have 
found the following numbers (Table II): 


TABLE II 


Proton Energy (Bev) 0.9 

(PP+” )/(inelastic) 0 

R^l obtained by Fermi model 0 

Rzi obtained by excited model 0 



2.7 


3/96 27/148 



1.5 ± 0.5 
10 


The meaning of the entries in this table is in some respects different from what 
it was in the previous case, and ought to be briefly discussed. Consider, for 
example, the data at 2.7 Bev. Here, out of a total of 148 events of two or more 
prongs that were not elastic, 27 were believed to be pp+-. Now among the in- 
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elastic events there will be some processes, such as ppOO and pn + 0, which in¬ 
volve double production but show only two prongs. A calculation of the number 
of such events can be made, for instance on the basis of Fermi’s model, using 
only charge independence arguments, leading to an adjusted experimental value 
of R^i, the ratio of double to single production, which turns out to be 1.5. If the 
excited-nucleon model is used as the basis for the adjustment, the resulting ratio 
is 10, with errors as indicated. The infinite upper limit on this number means 
simply that the lower limit of single production, after the correction is made, 
is zero. 

We would certainly be very happy if the multiplicity ratio, R^l, turned out to 
be the same for n-p and p-p collisions. Since the measurements on n-p have 
already shown that the statistical model is not working well, our hope for agree¬ 
ment rests with the excited-nucleon model. Indeed, the values for given for 

n-p and p-p collisions agree between 1 and 2 Bev if the excited model is used 
(last row of tables). But in the results as given so far, there appear to be too 
many double-meson events from p-p collisions at 2.7 Bev. Therefore, the four¬ 
pronged stars have been examined more carefully, and it has been found that 
many of them actually contain two positive pions, implying outgoing particles 
np + + -. The conclusion that the triple process is beginning at this energy is con¬ 
sistent with the excited nucleon picture if, for instance, we regard the process as 
the excitation of one nucleon to T =3/2 and the other to T = 5/2. 

Elastic scattering in the p-p collisions is also seen in the cloud chamber, and 
it is possible to deduce the ratio of elastic cross section to total p-p cross sec¬ 
tion. The groups cooperating at Brookhaven obtains for this ratio: 


0.53 at 0.9 Bev; 


0.38 at 1.5 Bev; 


0.29 at 2.7 Bev. 


These numbers are in good agreement with the results of the counter measure¬ 
ments (Fig. 20 of Leavitt's report). 

Finally, Shutt spoke briefly about some work done with 1.4 Bev negative pions 
in the cloud chamber. At this energy, the total cross section for 7T”-p is found 

to be 34.6 ± 2.7 mb; 29% of this is assignable to elastic scattering, with a cross 
section of about 10 mb. Within the errors, this total cross section is in agree¬ 
ment with the counter measurements (Fig. 3 of Piccioni’s report). An elastic 
angular distribution has also been obtained: 20% of the scattering occurs at 
center-of-mass angles more than 60°, a result that can be understood in terms 
of diffraction scattering if the proton is essentially opaque out to a radius of 
0.5 x 10 cm. In the same observations, the ratio of double to single meson 
production is estimated to be 0.25, in agreement with the prediction of the Fermi 
model. For the ratio of the reaction n+-/p-0, one does not expect much differ¬ 
ence in this case between the two models, and it is more interesting to look at 
TT -n collisions. Here for example, the ratio (n-0)/p-) is expected to be 1.5 
rom the statistical model, and 6.5 from the excited state model. The observed 
ratio, obtained by Kenney from negative pions in deuterium, is between 1 and 2 
implying that in this energy region (which is effectively higher than the same 
actual energy in nucleon-nucleon collisions, since here only one nucleon need be 
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excited) the statistical model provides the better description 
W alker presented the following cross sections; 


1.0 B ev 


1.5 Bev 


TT' + p > 7 f”+ p, diffraction 

7r " + P. large-angle elastic 
tt ~ + + p 


r- 

+ 

r+ + n 


2 TTO 

+ 

n ■ ^ ■ 1 

-> 

7r 0 

+ 



A ° 

+ 

a° +xl 


T~ 

+ 

2^ + p, 

etc 


14 mb 
5 
8 
9 

10-15 


<~l 


7 mb 
2 

7.7 

6.9 

9.1 


2 


The data at 1.0 Bev, consisting of 100 events in all, were obtained in cooperation 
with the Brookhaven cloud chamber group. The interactions at 1.5 Bev, 200 in 
all, were found in photographic plates by Walker and Crussard. There appears 
to be a large amount of diffraction scattering at 1.0 Bev, and some care must be 
exercised in interpreting it. According to Piccioni’s data, the T = 1/2 wave is 
strongly absorbed, while the nucleon is fairly transparent to pions incident in 
the T = 3/2 state. Thus, although the initial configuration contains a mixture of 
both states, most of the outgoing scattered wave (all processes, including charge 
exchange, that do not involve meson production) ought to be T = 3/2. The for- 
mulae involved here are, for non-exchange 


^(rr + p 




y 



while for charge exchange scattering 

where yj 3 and ^ 1 are the scattering amplitudes for the 3/2 and 1/2 states 
respectively. It can be concluded from these relations that the charge-exchange 
cross section will always be relatively small, so that interpretation of the non¬ 
exchange scattering in terms of the ratio between the two is difficult. Bernardini 
inquired as to the relativistic correctness of these formulae; Walker said that 
they are non-relativistic, but that the exact expressions will not be very differ¬ 
ent, even at these energies. Now the best conclusion that can be drawn from this 
is that the relative numbers of events that are seen are at least consistent with 
the hypothesis that the T = 1/2 wave is completely absorbed, while the T = 3/2 
wave is not. The opaque radius of the nucleon that can be deduced on this basis 
is of the order of 0.9 x 10”^ cm. Furthermore, with the same assumption, the 
actual cross sections observed at both energies can be almost completely 
accounted for by s-wave scattering alone. 



47 


Next, Walker presented curves of angular distributions observed in some of 
the processes listed above. At both energies, the elastic scattering shows strong 
forward peaking, with a large-angle tail that is somewhat more intense than 
would be expected from diffraction alone. The distribution of pions in events 
where a single positive pion is produced (the fourth reaction listed above) shows 
peaking in the forward and backward directions. This is true, at least, at 1.5 
Bev; at 1.0 Bev the distribution seems to be somewhat flatter, although the data 
here are very meagre. At 1.5 Bev, there is some backward peaking of nucleons 
emitted in the third and fourth reactions of the table; at 1.0 Bev this does not 


seem to be the case. 

Finally, there seems to be a qualitative difference between the pion momen¬ 
tum distributions seen at the two energies, in inelastic collisions. At 1.5 Bev, 
there appears to be a peak in this distribution at about 300 Mev/c, followed by 
another peak at about 600 Mev/c. Roughly speaking, one might say that the higher 
peak contains the degraded primary pions, while the lower peak accounts for 
secondary mesons. At 1.0 Bev, there is only one peak, at 350 Mev/c; it appears 
that, at this energy both of the mesons are trying to squeeze into the T = 3/2 
state relative to the nucleon. Whereas at 1.5 Bev only one of the mesons is cor¬ 
related in energy and direction with the nucleon, at 1.0 Bev, both mesons like to 
come out with the nucleon. 

Piccioni asked whether or not a knowledge of total cross sections for T = 1/2 
and T = 3/2 separately permits us to calculate charge-exchange cross section. 
Walker replied that it does not; we also need the ratio of elastic to inelastic 
scattering in each isotopic - spin state. 

Walker was also asked how many of the events seen in emulsion originate in 
heavy nuclei. Walker replied that a study of elastic collisions indicates that 
about half of them are interactions with protons at the edges of heavy nuclei. 

This conclusion is reached from the observation that about half of these events 
are not quite coplanar, and also from the fact that his computed total cross sec¬ 
tion is about twice that obtained by Piccioni. The cross sections given in the 
table have been corrected for this. Panofsky remarked that the inelastic pro¬ 
cesses in heavy nuclei may be rather different from the same processes in 
hydrogen. Walker said that the number of cases that may be perturbing the re¬ 
sults in this way appears to be only about 10% of the total number. 


Powell reported briefly on what has so far been seen at Berkeley in the same 
experiment ( 7T - + p) done at 4 Bev, using a hydrogen-filled cloud chamber at 
42 atmospheres with a field of 22,000 gauss. (When he began, Powell was asked 
how recent were these results; he replied by waving the telegram from which he 
was reading them.) There are 46 events to date. 32 of them have two visible 
prongs, 12 have four, and 2 have six. From these numbers , the cross section 
comes out to be 16.8 t 3 mb, but Powell’s group would be not at all surprised if 
it eventually turned out to be twice as large. Of 12 of the 2-prong events that 
have been analyzed, 5 are elastic and 7 are inelastic; and of the latter, one may 
e an event leading to n0+- The 4-prong events are generally believed to be 
P-+-. Of the 6-prong events, one shows a 10 Mev electron with another track 
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that may be a positron with energy of the order of 600 M„; thus the event m .y 

The Oth!' f, 15 a "" 0t 1/40 tht “ 11 is n - +00 ’ anti l/80 that it is „+-0. 

. T -prong event is also out of balance; none of its tracks look like elec 

or mn ^ 0116 1S defimt6ly a P ° Sitive P ion * Th ^ general conclusion is that four 

more mesons can be produced at these energies. 

nu^—, P resented a P^er concerned mostly with what can be said about the 
nudeon-nucleon cross section at very high energies. First, we can make an 

estimate that is simply an extrapolation of the optical model of the nucleon 

Slnce it has been shown in several of the previous discussions that the nucleon 

may be described as a fairly opaque object out to a radius of the order of 

cm. W e can then guess that at very high energies, the total nucleon- 

nucleon cross section will approach a value corresponding to this radius--i e 
something like IZ5 mb. * ” 

There are several experiments that can be used to give further information 
on this point. The work of Coor, Hill, Hornyak, Smith, and Snow at Brookhaven 
has produced fairly good numbers for the absorption cross section of 1.4-Bev 
neutrons m several nuclei. Also, the cosmic ray data of many workers yield the 
corresponding cross sections in the general region of 30 Bev. The results of 
the two experiments are at present as follows: 


Nucleus 

C 

s 

Fe 

Pb 

(1.4 Bev) 

.20 t .02 

.44 

.67 

1.73 + .04 

(30 Bev) 

.26 ± .02 

.61 

.79 

2.15 + .10 


where the cross sections are given in barns. The cosmic ray data combine the 
results for incident neutrons with those for incident protons. There seems to 
be a real increase with energy; Williams asserts that more careful measure¬ 
ments ought to give even larger differences, if one thinks about the kinds of 
error that may have entered the work so far. 

The most direct interpretation of such an increase in cross section with 
energy requires an increase in opacity of the nuclei. The question arises as to 
whether this can be understood in terms of the elementary cross sections, 
around 43 mb, observed at the Cosmotron energy. If one plots, as in Fig. 9, the 
observed opacities at 30 Bev vs. mean-free-paths deduced from elementary 
cross sections of 43 mb, one obtains rather poor agreement with what would be 
expected from optical models. In the figure, the dashed points are the cosmic- 
ray data plotted at abscissae that correspond to the 43 mb cross section; clearly, 
this cross section must be increased to obtain agreement with any of the three 
calculated turves. If the elementary cross section is raised by a factor of three, 
the cosmic ray points move into reasonably good agreement with the optical pre¬ 
dictions. The conclusion, then, is that the total nucleon-nucleon cross section at 
30 Bev is in the neighborhood of IZ0 mb, with a lower limit of 100 mb. 


Sands reported on attempts to observe pion pair production in the 500 Mev 
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Fig. 9 


bremstrahlung beam of the 
Cal Tech synchrotron. Since 
the direct detection of pairs 
is not feasible, one simply 
searches for negative pions 
produced in hydrogen. It has 
been calculated that the ratio 
yields of negative and posi¬ 
tive pions ought to be 0.07, 
in pseudoscalar meson theory, 
and 0.005 in pseudovector 
theory. These numbers fol¬ 
low from the cross sections 
for production of mesons at a 
single energy. The first 
method that has been employed 
uses the meson spectrometer 
that has already been described 
in connection with previous 
work on meson production. The 

detector telescope was improved for better discrimination against background, 
particularly from electrons. The spectrometer was set to accept mesons of 
47 Mev lab energy produced at 73° lab angle. This is the work of Walker, 
Teasdale, Bloch, and Sands. Peterson has used another method for the same ex¬ 
periment. He has looked for characteristic negative pion events in emulsions, 
and has as yet obtained no definite evidence for the pair process. In further 
work, now in progress, pellicles are used, enabling him to follow negative 
mesons to the beginnings of their tracks, and thus to know whether or not they 
came from the direction of the hydrogen target. The result so far is that there 
may be one negative out of 25 positives coming from tne target. 

The spectrometer results can be summarized as follows: 1) with conditions 
as described above, and with hydrogen in the target, the negative-to-positive 
ratio is 0.021 ± 0.003; 2) with target evacuated, the ratio is 0.006 ± 0.001; 

3) with spectrometer set for 35 Mev pions, which should not penetrate the detec¬ 
tor telescope, the ratio is 0.007 t 0.003; this result is obtained regardless of 
whether the target is filled or empty, and is also essentially unchanged when the 
photon energy is brought down to threshold. These data are all statistically con¬ 
sistent with a background ratio of 0.7% and a real effect of about 1.4%. In view 
of the many subtractions that have to be made in order to deduce a true counting 
rate, it becomes very difficult to estimate a cross section from the yields so 
far obtained. Most sources of background that one can think of turn out to be 
several orders of magnitude too small to account for what is seen. The only 
process that might reasonably explain the background is double charge exchange 
in the lead collimators near the target; but again the estimated cross section is 
too low to account for more than a part of the background. More experiments 
will have to be done before the vacuum count can be understood. It is possible 






at this time, however, to say that the ratio 1.4 ± 
to the true value. 


°- 3 % is certainly an upper limit 


* h “ » experiment is being done at MIT. using 

355 Mev photons, only 15 Mev above threshold tor pairs. The negative-to- § 

positive yield is less than 5%; and the result is much less significant than that 
e*pecu ' “ the "° SS SeCti ° n V " iSS “ s S * eeply * ith ener gy as one 


a nofsk y gave a brief account of work being done at Stanford by K. Crowe and 

f.' ?! *T an ° n + 6 Same Pr ° blem - The technique involves a bremstrahlung beam 

liquid hydrogen target and magnetic spectrometer in much the same way J that ’ 

cnbed by Sands. Pions are counted in delayed coincidence with the beam 

pulse and the ratio of efficiencies for negative and positive pions in the scintil- 

t0 * ^l nS ? Ut t0 f be about l / 10 - In s Pite of this asymmetry in detection, the 
me od has been found to be reliable: positive-to-negative production ratios 

have been measured for several nuclei, and are in agreement with results from 
Cornell. 

The spectrometer was set to accept 55 Mev pions produced at 75° f rom the 
photon direction, and had a momentum resolution of 10%. The results from the 
liquid hydrogen runs can be tabulated as follows: 


Photon Limit 


Negative/ Positive yield, % 


500 Mev 
550 
585 
590 


greater than -0.11 ± .16; 

-1.6 i .89; 
2.18 + .51; 
0.40 ± .48; 


less than 2.59 ± .13 

0.26 ± 1.4 
3.75 ± .47 
3.66 ± .37 


The upper and lower limits given here are obtained from backgrounds taken in 

two ways: the vacuum count leads to the upper limit; the count obtained with 

magnetic field removed leads to the lower limit. The only result showing a 

clearly positive effect is the one for 585 Mev, and it indicates that, even at an 

energy considerably higher than in the Cal Tech experiment, the pair cross 
section is still small. 

Bethe remarked that the theoretical significance of these experiments stems 
from the fact that they probe the process of double meson production at its low 
energy limit, where the S-state effects predominate. The large estimate for 
pair production given by pseudoscalar perturbation theory, and quoted above by 
Sands, is consistent with the general tendency of this theory to overestimate 
effects in the S-state. The number ought not to be taken seriously. Calculations 
at Cornell, using the Tamm-Dancoff method, have shown that S-state effects are 
considerably depressed, and that, on the other hand, large amounts of double 
production are to be expected if one of the mesons comes off in P-states with 
kinetic energies around 100 Mev. At the low energies, therefore, negative-to- 
positive ratios of the order of one per cent are not unreasonable. In response 




51 

to a question from Marshak, Bethe said further that he expects a correlation 
between photomesic production and pion-nucleon scattering to extend to high 
energies. 

Young reported next on meson production by 1.4 Bev negative pions in nitro¬ 
gen, an experiment being done at the Cosmotron by a group from Harvard con¬ 
sisting of Street, Gordon, Milburn, and Young. A 14-inch diffusion cloud chamber 
is filled with nitrogen at one atmosphere, and is operated in a field of 11,000 
gauss. Some preliminary results will be summarize'd. 

81 stars produced by Tf” in N have been analyzed so far. Although it is pos¬ 
sible to detect energetic neutral pions (including those produced by charge ex¬ 
change and not readily observed in a hydrogen chamber) by energy and momen¬ 
tum balance, this has not yet been done for a sufficient number of stars to be 

worth reporting. The observed distribution of emergent charged mesons is as 
follows: 


Number of Tt" (n ±) 0 1 2 3 4 5 Total iv* 

Number of events; observed 11 29 29 10 0 2 81 1.57 

Number of events; theory 8 57 15 1 0 0 81 1.14 

The third row exhibits the distribution calculated by R. H. Milburn from the 

Fermi statistical theory, in a way that combines the distributions for free fT ~-p 
and Tf~-n collisions. 

The multiplicity of meson production appears to be higher than that predicted 
by the calculation. For free Tf-P collisions, the theoretical value of n± is 
1.02, whereas Shutt’s data give 1.25 if his uncertain or unobservable events are 
resolved according to the Fermi theory. Using Shutt’s result to correct the 
calculation appropriate to our experiment, we anticipate, from free collisions 
alone, n 4 = (1.14)( 1.25)/(l.02) - 1.40. The slightly higher observed number of 
pions from nitrogen may be due to difficulties in identification of tracks; it 
shows in any case that the amount of plural meson production, if any, is small 
In the 81 stars, 3 definite (and 2 additional possible) cases have been found 
with one Tf+ but no 77^“ emitted. These positive mesons are presumably the 
result of double charge exchange within the nucleus. An additional observed 
case of two positives without any negatives requires successive collisions with 
three protons in the nucleus. Additional evidence for secondary collisions of 
pions in the nucleus is seen in the angular distribution of charged pions in the 
center-of-mass system of the incident pion and a single nucleon. This distribu¬ 
tion contains, not only a forward peak, but also a backward peak'that does not 
appear in Shutt’s distribution for collisions with free protons. We can imagine 

that the backward pions have been scattered before leaving the nucleus, and are 
associated with a slower-moving center of mass. 

No decays of unstable particles have been seen in association with the 81 
stars. Two prongs, ionizing too heavily to be pions, appear to have negative 

curvature. One of these tracks may be a scattered positive particle but the 
other is unambiguous and may be a negative K meson. 
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It is possible to write an analogous dispersion relation for particles with 
mass; n(u>) « replaced by £(«->), the forward scattering amplitude. There is, of 
course, a relation between the imaginary part of f(«J) and the total cross section: 



but clearly this holds only for u> 7 J* (the momentum of the collision goes to 

zero at /*■ where p* 1S the reduced mass of the system), whereas the 

theorem involves the imaginary part of the amplitude from 0 too**. But it can 

be shown, for any Hermitian theory, that Im ip>) - 0 for a) </A We can, 

therefore, take yX as the lower limit of the integral. In momentum space the 
dispersion relation then is 



a result that is incomplete if bound states are present; there is then an additional 
term containing an arbitrary parameter for each bound state. 

Goldberger has pointed out that this is applicable only for the scattering of 
neutral mesons (real fields). The results can nevertheless be compared with 
experiments on the pion-nuclear system by assuming charge independence 
which permits the cross sections and amplitudes for proton interactions to be 
written in terms of those for 77 /+ and 7T~. 

We must estimate (h) above 2 Bev, the highest energy at which it has 

been measured. This has been done by assuming no dramatic change above this 
energy since the denominator gives a good convergence factor when we are com¬ 
puting at low energy. Now if we have a set of phase shifts which fit the cross 
sections, this same set gives an equally good fit when all signs are reversed. 

The causality relation allows only one of these sets. This should give the same 
kind of information that one gets from Coulomb interference. This differentia¬ 
tion is particularly simple in the neighborhood of a sharp maximum in the cross 
section. If ex' changes rapidly with k, the integral on the r.h.s. of the dispersion 
relation is large and positive before the maximum and large and negative after 
it. For sufficiently small f(o) or a sufficiently narrow peak, this is also the 
behavior of Re f(k). This property of the dispersion relation is directly appli- 


1 


viz. Gell-Mann, Goldberger, and Thirring, Phys. Rev. 95, 1612 (1954) 
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cable to meson-nucleon scattering and enables one to show that the phase shift 
of the strongly interacting isotopic spin 3/2 state is an increasing function of 
the energy. Therefore it must be positive and does not have a miximum or cusp 
near the “resonance." 


As an ap pendix to the report of this session, it is important to summarize the 
work of Lindenbaum and Yuan on the production of pions in p-p collisoins, an 
experiment which, unfortunately, could not be discussed at the Conference 
because of lack of time. Lindenbaum and Yuan have kindly supplied us with the 
following review of their work: 

“When we reported our results on the meson production by nucleon-nucleon 
collisions before this conference last year, the experiment was done primarily 
by bombarding a Be target with the internal proton Cosmotron beam at energies 
ranging from 0.5 to 2.3 Bev. An assumption was then made that Be is a light 
enough nucleus so that in the high energy proton-nucleus interaction one essen¬ 
tially sees the proton-nucleon interactions. Since then we have obtained some 
preliminary results on the p-p production of pions by using a special rotating 
target which inserts a polystyrene or a carbon target alternately in the path of 

the proton beam, and from the polystyrene-carbon difference we can get the pro¬ 
duction results of protons in hydrogen. 

“The experimental arrangement is 
somewhat similar to that used in the 
7T+-P sc attering experiments reported 
earlier. The mesons produced at an 
angle of 32° from the forward direction 
of th.e incident beam were analyzed and 
studied. Fig. 10 shows the experimental 
results of the positive pion (open cir¬ 
cles) and negative pion (solid circles) 
spectra produced in Be by 2.3 Bev pro¬ 
tons. The ordinates represent relative 
cross section per unit solid angle per 
Mev/c The crossed points show the 
normalized results of the positive pion 
spectrum produced in hydrogen. It is 
apparent that the spectra from Be and 
H are in good agreement, and that our 
previous assumption is justified. 

Similar results have been obtained Fi g. 10 



with 1 Bev protons. Even at this pnprov ^ 

x, . , _ „ . / “ , 1 ener gy» the spectrum from Be agrees well with 

that from H, insofar as the latter is determined. 

If we examine the pion spectra produced in Be hv nm+nnc ^ 
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^ ~ ^ ~ 3/2 isobaric state in the 

pion-nucleon system has been con¬ 
vincingly supported by a number of 
experiments. W e can now examine 
the extent to which the pion pro¬ 
duction data can be correlated to 
the pion-nucleon scattering. When 
we plot the 1-Bev production spec¬ 
trum against center-of-mass 
energy, and compare it with a simi¬ 
lar plot of the energy dependence of 
the total IT + -p cross section, as 
shown in Fig. 1Z, we find that the 
shapes are very similar, but that 
the production peak occurs about 
50 Mev below the peak in the scatter- 
ing cross section. Assuming that 
the same excited state dominates 
both processes, the shift can be a c - - 
counted for, at least qualitatively, by 
1) the restriction of phase space 
available in the production process, 
where the pion cut-off energy is 300 
Mev for 1 B ev incident proton energy, 
tending to move the whole spectrum 
toward lower energy; and 2) the 
motion of the excited nucleon in the 
production process, which can also 
shift the spectrum in the right 
direction. The production spectrum 
for 2.3 Bev protons is much broader 
than the scattering curve, but this 
can be acoounted for by Doppler 
effect. Finally, the 7T+/ Jf “ ratio 
from our p-Be and preliminary p-p 
production data show good agree¬ 
ment with values predicted by the 
simple excited state model.” 
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Tuesday Afternoon: Theoretical Session, J. Schwinger presiding 


Klein presented the first paper in the session on the results which have been 
obtained by the past year from studying the renormalizable field theories in the 
low energy limit, that is, the theorems on gamma ray scattering, photo-meson 
production, and meson-nucleon scattering. These investigations have served to 
clarify the meaning of the coupling constant in the meson theory, and to indicate 
those experiments which can be expected to determine this coupling constant. 

The techniques which have been used to date can also be extended to the problem 
of nuclear forced and other phenomena. Klein first presented a tabular summary 
of the theorems which have been proved, and then presented a typical demonstra¬ 
tion of one of the theorems. These theorems all concern the scattering matrix 
T(k), where k represents an external boson momentum and T 2 is proportional to 
the cross section. All the theorems are of the general structure that 

(k) - Eg (k, e, g,M, m ) [l + 0 (k| 

where T^ is the scattering matrix, Bg is the Born approximation result, and the 
mass which occurs is a renormalized mass characteristic of the system. The 
theorems state that, as the momentum of the external boson, k, goes to zero, and 
the mass of the external boson goes to zero, the scattering matrix is given by 
this Born approximation result. Thus to carry out a measurement of the coup¬ 
ling constant, one looks for a process which is first order in the electromagnetic 
or meson field, that is, an experiment which is quadratic in the coupling constant. 
The theorems which have been proved and their authors are listed in Table I. 

TABLE I 


Process 


Partial Wave Matrix element Measured 


Author 


$—"6 S (Thomson limit) 

P 



'k-'t r 


STnucleon current 

PJ 


meson current 


rr-TT 


P wave 



Thirr ing; 

Gell-Mann and Goldberger 
Low 

Kroll and Ruderman; 

Low;Schwinger and Klein 
Low;Schwinger and Klein 

Schwinger and Klein 


( a T o.%?rT m V 8 ‘ m T« rr“ iS ray « meson scattering from 

a particle of spin 1/2.) Low remarked that the theorems on f - IS scattering 

can easily be extended to particles with other spin. g 
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In this expression, the &-function is four dimensional, p and k refer to the pro¬ 
ton momentum and photon momentum respectively, and G is the Green’s function 
in the absence of the external field. Hence G _1 , operating on the free particle 
spinor u(p), gives zero unless there is some part of the second variational 
derivative which has a second order pole on the free particle energy shell. If one 
carries out the variational derivative, one obtains an expression such as that 
given by Gell-Mann or Goldberger; then it becomes impossible to give a simple 
proof of the theorem. That is, the proof depends on the simple structure of G in 
the low energy limit. To continue with the derivation of the Thomson theorem, 

we consider the free particle Green’s function in the absence of the external 
field, which is 



\ 


v p + m 


+ /& car?) 


The statement that there is a stable state of motion of the system with mass m 
implies that the additional contribution, <5 G, is analytic in the neighborhood of 
H p + m = 0. In order to obtain the gamma ray scattering to zero order in the 
frequency, we need know only the dependence of G on a uniform electromagnetic 
potential. This can be obtained simply by allowing p to be replaced by p-eA. 

In this case the variational derivative can be replaced by an ordinary derivative 
and since G is still an analytic function of p-eA, it can give no contribution at 
^ p = -m except from the first term. 

In extending the theorem to first order in the frequency, it is more convenient 
to work with the second order Green’s function, 2m/(p^ + m^). Then the theorem 
states that to first order in the frequency, it is sufficient to take 



_ 2m _ 

“ T p - eA) 2 + m Z - ysF/l 


where O' F 




One can easily see that there would be a contribution to the scattering if there 
were an additional term of the form Gi A<5 F G[; such a term would arise from 
an expansion to first order of an additional magnetic moment term. Hence, if 
we have defined the magnetic moment term appearing in the denominator cor¬ 
rectly, it is impossible for such a term to appear. Of course, one also needs the 
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statement that to first order in the frequency, G can only depend on 6” F and IS p; 
this is not immediately obvious but can be proved by invoking relativistic invar¬ 
iance, gauge invariance, and charge invariance. In our expansion of G about G]_, 
we can fall back on the statement that the next term must be an analytic function 
of Gi_alone because of our definition of ^ • Hence the first term which can occur 
is LA^F, GjJ + which is second order in the frequency. There cannot be a 
term in AF. It is possible to have a term in (tf“F)^, but again, in order not to 
give a contribution to the magnetic moment, we can show that the leading term 
must be G^(CTF)^, and when one takes a variational derivative, this term will 
not contribute in the order to which we are working. 

The essential content of all this is that simply by virtue of our definition of 
charge, mass, and magnetic moment, we have so determined the structure of G 
in the neighborhood of the singularity that there can be no further contributions 
to it. The proof of the p wave theorem for meson scattering is entirely analogous. 
If one looks explicitly at the structure of the Green’s function, one finds that if 
it is second order in the meson wave function, it cannot give p wave scattering, 
so that the analog to the gamma ray s wave theorem is the meson p wave theorem. 
One can further show that the Kroil-Ruderman theorem on photo-meson pro¬ 
duction is the consequence of the p wave meson theorem and gauge invariance. 


Lqw then presented a summary of work that he and Chew have been doing, 
d hey had intended to report on the Kroll-Ruderman theorem for p wave scatter¬ 
ing, which has already been mentioned by Klein above. They believe this 
theorem can be used to determine the coupling constant from the p wave meson 
nucleon scattering. The theorem states simply that 



6 sin 



4 

3 



+ correction 


They can prove that the correction term is finite as u) goes to zero, and that the 

coefficient f2 is the Kroll-Ruderman renormalized coupling constant. The 

theorem can be stated for all four p states and, including the correction term if 
of the form 


State 



where uJ* = ( q 2 + ^2)1/2 + q 2/ 2M 


(1 

X 

l 



In the 33 case, 
rection term is 


it can be proved in the static theory that the coefficient of the 
negative. This can also be proved in the relativistic theory, 


cor- 

if 
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one neglects pairs and external nucleon recoil, 
recoil, consider the following diagram: 


To understand external nucleon 


meson 


nuc leon 



No matter what occurs in the center of the diagram or how high the momenta, if 
one can simply drop the term -q, which corresponds to the momentum of the 
nucleon both at the beginning and the end of the diagram, then the sign of the cor¬ 
rection term must be negative. Hence, if one can somehow find pair damping in 
the pseudoscalar theory, one can hope to obtain agreement between the theory 
and experiment. The coefficients of the correction term in the four states, as 
given above, are a consequence of the crossing theorem of Gell-Mann and 
Goldberger as applied to the p wave. By explicit calculation, using the cutoff 
theory, the correction term coefficient, x, is found to be fairly small. It is pre¬ 
sumably small in the relativistic theory also, at least at low energy. Hence, if 
the 33 state is enhanced, the 11 state is depressed, and if it is not justifiable to 
use Born approximation on the 33 state, it is also not justifiable to use it on the 
11 state. The above expression is therefore the form which the Kroll-Ruderman 
theorem and the Gell-Mann Goldberger crossing theorem take for meson-nucleon 


sc atter ing. 

So far, at least, the Kroll-Ruderman theorem for the P-wave photo effect 
does not ape ar to be as useful, since as yet no way has been found to extrapolate 
it to zero. However, it is possible, using the cutoff theory, to calculate the 
photo-production explicitly and obtain an expression which, outside of dependence 
on masses, coupling constant, and magnetic moments, involves only the sine of 
the measured pion-nucleon scattering phase shift. This expression is in agree¬ 
ment with experiment in the low energy region. 

Low then turned to a calculational advance which has been made, in that an 
easily soluble equation has been found for the pion-nucleon scattering. The equa¬ 
tions do not produce divere nces on iteration so long as pairs are neglected, so 
that the 11 equation is just as easy to solve as the 33 equation. Unfortunately, 
the equations are non-linear, so that at present it is not known whether they 
possess solutions in general; however, in all the special cases that have been 
tried so far, exact solutions can be found. 

For simplicity this equation will be derived using the static theory. In what 

follows, the wave functions which are used are exact wave functions of the entire 

Hamiltonian. For example, an exact incoming wave eigenstate with 'A mesons and 

a physical nucleon present, will be symbolized by anH the matrix ele- 

/ 

ment of the interaction we are interested in will be 

# 

Here where’fo is the unrenormal- 

ized coupling constant, and v(k) is the momentum cutoff function of the theory. 


(C v k %) 
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The claim is that the S matrix for the scattering is given by 

(n|Slk) = Milk) - ^ j 

In order to derive the equation, Low had permission from Wick to use a trick of 
his which goes as follows. We write 



where is the creation operator for the scattering state. Substituting this 

expression into the Schroedinger equation one obtains directly that 


H — L ^ 




w 

Note that although recoil can be included with no trouble, it is impossible to use 
this trick, at present, if there are pairs present, since no one knows how to 

write down correctly the asymptotic eigenstate in this case. Now, having obtained 
an explicit solution, we substitute this into the matrix element giving 




(-O 




T. 


E H -^-ie 


+■ 


E 

-Lo ) 


VE 


Since Vk is a function only of (T , T , k , it commutes with a However, since 
!*? is a physical nucleon eigenstate, a q does not vanish because there ar 

virtual mesons present in the meson cloud surrounding the nucleon. In fact one 
can show quite easily that 


acE > - 


v<£ l 0 . 

This expression holds provided that the total Hamiltonian is normalized to be 
zero, operating on a free nucleon state. Thus the scattering matrix becomes 


VrE 


ecomes 


I'ikkN'f.M'K.V 








V t © 


The first term is normal, corresponding to absorption with a normal enerev 
denominator and then emission of the , energy 

responds ,o the final m eso„ being * CV rJ ‘ S "°" d 

In order to evaluate ,be energy denominate fjT 7"' mea °" ‘ S 

etors for the Scattering eigenstates that is the l " tr ° d " c “ s th » Projection oper- 
Hamiltonian, by writing ' the of the complete 


ET > < E 


C-) 


- 1 . 



60 

Note that when we take the terms corresponding to one-meson scattering states, 
this gives us immediately an integral equation for the matrix element. Note in ’ 
particular, that the k dependence of the matrix element, and of the equation, is 
trivial, which leads to a tremendous simplification for the static theory. If, in 
particular, we restrict ourselves to the approximation of keeping only those 
intermediate states in which there is one meson present asymptotically, one ob¬ 
tains an equation for the q state itself involving only the q state. (That is, if one 
solves this equation once, one has immediately solved for the momentum depend¬ 
ence of the phase shifts over the entire range where the equation is applicable.) 

In this one-meson approximation, the equation for the phase shift can be ob- 
tained immediately and is 



The term in this equation which couples the phase shifts of different momentum 
and isotopic spin is the term which enables this equation to satisfy the Gell-Mann 
Goldberger crossing theorem. That is, thanks to this term, if you interchange q 
and k, and the isotopic spin and and change the sign of u) , the equation 

is reproduced. Note that in the static theory the 13 and 31 scattering states are 
identical so that there are only 3 phase shifts. The relativistic theory without 
recoil has the same property to first order in ^ , since, in Born approximation^ 
one has this property and the Gell-Mann-Goldberger theorem insures it for the 
correction term. The matrix coupling the different phase shifts is 



and the coefficient 


is given by Born approximation, that is, 



/ -8/3 f Z \ 

-2/3 f Z 

\ 4/3 f Z ' 


Note that the Gell-Mann-Goldberger crossing theorem states that must be an 
eigenvector of with eigenvalue -1; that is, for even powers of oO , the eigen¬ 

value is +1 and for odd powers -1. Here f Z is the renormalized (non-rationalized) 


coupling constant, since 

(C 


-f. <31 %. <P) ) = (“* -P ^ “0 
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where is a normalized Pauli spinor. If the coupling term is dropped, 

the equation can be solved exactly, with one numerical integral. This numerical 
integral turns out to be the original one Chew wrote to give the phase shifts, 
which was presented at this conference a couple of years ago. That is, Chew’s 

original solution is the zero order approximation to the iteration solution of this 
equation. 

The equation which can be solved exactly has the form 





-P /" d 1x3 P 1 1 

TT J f C>p~(2><^ 


Its solution is simply 


Ucb) = 





The approach to solving the equations with the coupling term present, is to 

make a reasonable guess at the effect of the coupling and put this into the Born 

approximation for the non-linear equation; then an equivalent equation can be 

found which can be solved. It is possible to do the integrals, so that relatively 

complicated guesses can be done quite easily and the consistency of these 

checked. This, in fact, is how the one-meson approximation results given in 
the pion session by Chew were obtained. 

It is also possible to find a simple equation for the photo-meson production 

problem and to solve it in. a very good approximation. The matrix element 

which is calculated is f and is given in this 

approximation by the expression ° 
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where e, f are non-rationaliz ed, ( ) stands for (positives z _ 

k = photon momentum, u> = = k V- a Z R ' u{, ' al ) * 

, „ ’ . 4 K ’ v - T/'-P > = difference of 

nucleon magnetic moments (in nuclear magnetons) and M = nucleon mass 

t- = m :r™ SS A l - The tWO terms in the curl y braces are the Born approx¬ 
imation: the first of these is the Kroll-Ruderman term and the second is the 

term which comes from the p-wave low energy limit theorem. The only impor¬ 
tant correction to this result is given in the third term and arises from the 33 
state. Low believes that this result is, in fact, much more general than the one 
meson approximation. Two-meson corrections were estimated for the scatter 

ing in the forward direction in Born approximation, and are about 15% but so far 
these corrections have not been estimator! for u ± / , so tar 

The total magnetic moments of ™ and ' *! pnoblem. 

neutron and proton appear in the formula because 
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*trrf° n "V d ° ne USln8 relativis ‘ i ' «**°nr *>><i the entire current be- 
t™ee„ tbe two „ucle°„ stetes; the terms which g.ve rise to this coefficient, then 

uld be identified as the static moment of the nucleon to order (v/c)2 Low does 
no, be heve this is the same as introducing a Pauii moment into ^ c.lcui.Tion 

.Uowed forTere 8 "'' tra " Siti ° nS *° which have not been 

To summarize what has been proved by Low and Chew: first, it has been 
shown that if the function of the phase shifts given above is extrapolated to zero 
for all four p states, this should give the same f2; second, if one can neglect 
pams m the relativistic theory, then the slope of the extrapolated straight line 
has the correct sign to give the resonant solution for the 33 state; third, it has 
been proved that a third parameter is needed to give the phase shifts in’this 
linear approximation for the other three p states. Finally, this calculation makes 
it much clearer why the cut-off theory is in such good agreement with the exper¬ 
iment, since the two free parameters of the theory can be used to give the correct 
intercept and slope for the effective range function of the 33 state. 

The statement was made that in the “effective range” expansion for the (3 3) 
state ' 
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_ was positive for the static theory. The proof of this follows from the gen¬ 
eral equation for scattering, which may, for the (3,3) state, be cast in the form: 
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This equation is exact. (S'* + (E) is the total (elastic and inelastic) cross-section 
for positive mesons (of angular momentum m z = +1) on protons (of spin s z = +|-) 
at energy E. — (E) is the total (elastic and inelastic) cross section for nega¬ 

tive mesons (of angular momentum m z = -1) on protons (of spin s z = +^) at 
energy E. q E = mom. of meson of energy E: q^ =/E r ^T , v = cut-off function, 
v(o) = 1. The effective range \/u) 0 , is thus given by 
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Serber then reported on a calculation of Lee and Friedman which is a differ¬ 
ent approximation to the same mathematical problem tackled by Chew and Low, 
the cut-off meson theory. They have calculated the Tomonaga approximation to 
meson scattering with a finite source. The radial dependence of the wave function 
is factored out, and its Fourier transform is 
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Here N is the normalization constant chosen so that l C IK O ~ 1. ; 

u(k) is a square cut-off function; and the parameter ^ is determined by a varia¬ 
tional equation. In order to fit the 33 scattering, the cut-off had to be chosen as 
6.2 >a , the unrenormalized coupling constant was 0.712, the ratiotZ^/^l = 0.384, 
and hence the renormalized coupling constant is 0.105. It is interesting to recall 
that in the extreme strong coupling limit, Z^/Zi is 1/3. In fact, strong coupling 
is a good approximation to this part of the problem. This is similar to other 
results, such as for example, Watson found in scattering, that the strong and the 
weak coupling approximation give the same result except for a numerical factor. 
Also the location of the peaks of the wave functions agrees with the strong coup¬ 
ling result; however, the wave functions are wider and have longer tails. On the 
other hand, since for the weak or strong coupling limit, the parameter ^ is zero 
this result is rather far from either limit in that sense. 

In order to calculate the anomalous magnetic moments, the electromagnetic 
field is introduced in a gauge invariant way. The particular method chosen is 
such that only the term (Jmeson-A) contributes to the calculation of the anoma¬ 
lous moments. The result is t 1.48. The strong coupling limit would give the 
anomalous moment of the proton as 2.76; the difference here is primarily due to 
the fact that the parameter is 3.39 instead of zero. The average number of 
mesons in the field is of the order of two, but because of the tail on the wave 
functions the probability amplitudes for more mesons in the field are important. 

The results for the p phase shifts as the function of energy are given in 
Table II. 
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5.99° 
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If one makes a plot of °<33 using these values and the Chew-Low function, then 
for positive values of kinetic energy T lab (up to 2 y ) it does give, approximately, 
a straight line as expected from their agreement with the phase shifts determined 
experimentally. Yet, the extrapolation to negative values of kinetic energy does 
not yield a straight line as indicated by their value for the renormalized coupling 
constant, which is about 2 0% larger than what would be obtained using a straight 
line extrapolation to T lab =->«.. Another difference is that cK n , though small, 
is positive. Thus, in order to satisfy the low energy limit theorem and also the 
Gell-Mann and Goldberger crossing theorem, it will have to change sign at some 
negative value of kinetic energy. Hence, these results either indicate that the 
extrapolation of effective range theory to negative values of kinetic energy is not 
true or that the Tomonaga approach does not yield adequate results. 
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Feym^M then suggested another approximation approach to this problem It 
one neg,acts nucleon recoil and so on. as is being done here, then you areT.l 
culating the properties of the following operator: Y 1 

where 

F( t - Sc /Q. 

The Tomonaga approximation consists of replacing this function by an exponential 
However, if you actually plot the logarithm of this function, you find that it is 
made up of the sum of two exponentials, one of which has a very rapid variation 
determined essentially by the cut-off mass, and superimposed on this, a very 
slowly varying weak tail. Therefore it would seem reasonable to use the ex¬ 
ponential approximation for the strongly varying part of the function, which you 
are not interested in, and after you have taken care of this, treat the weak tail 
as a perturbation; all the difficulty of the problem and all the labor is involved 
in the first part which is precisely the part you are not actually interested in. 


B r then reported on an investigation of the corrections to be expected in 
the coulomb scattering of two protons due to relativistic effects. If one were to 
calculate in the center of mass system and ignore pairs, presumably one should 

obtain Miller’s matrix element. However, if one tries to do this, the result is 
not immediate. One has the equation 

[E(p,p,)-E-te]C PtPi =-/M )Jp/d P ; . 


This would be easy to solve were it not for the fact that the Miller matrix ele¬ 
ment M contains factors like l/(p| - pi,)^ . Using Dirac’s method for calculating 
the wave function in momentum space, and transforming to coordinate space, 
one has / cin_ k /(\\ - ko 1 ) 1 " * Expanding this, one obtains 


Hence, when k - k Q > there are quadratically divergent terms; so, if one tries to 
solve by an iteration procedure, one would never obtain the phase shifts charac¬ 
teristic of the old-fashioned Gordon-Mott solution in the non-relativistic limit. 
One could presumably introduce an artificial coordinate intermediate variable 
and solve the problem in much the same way as was done by Mott and Gordon in 
the non-relativistic case. However, it is simpler to use a connection between 
the energy and the phase shifts. If one has a quantizing sphere, then the number 
of wave lengths of the wave functions inside this sphere will be very large com¬ 
pared to the radius of the sphere. If one introduces a small shift in the energy, 
then in order to keep the same number of nodes in the wave functions, and hence, 
the same quantum numbers, one gets a connection between the phase shifts and 
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the energy. To first order, one obtains a characteristic asymptotic form for the 
coulomb wave functions, namely: 

Sin CUr- v h zkr — Lir + ^ r 3 ^(l+ i *■ li j)) 

Hence, all that is needed to solve the problem is an expression for the change 
in energy. To first order, this change in energy is simply given by the matrix 
elements of (l — ‘ ~^u) Co< *( XXTf '/\ # ° ne uses wave functions of the same 

energy, >1 is infinite so that the cosine factor does not appear. One obtains, in 
this way, a change in phase given by 
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hence one has that 
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where D~ is the velocity of the first proton in the laboratory system, a result 
already deduced by Garren. This is all there is to it for singlet states. However 
for triplet states, one has 
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The essential point to note about this result is that in the triplet scattering 

there are L.S and tensor-like terms which can couple states of different angular 
momentum. 
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Yang reported on some considerations he made with Lee. They raised the 
question of whether it is true that every conservation law is related to a gauge 
transformation. This has already been discussed in a published paper in con¬ 
nection with isotopic spin conservation. The essential point is that the conserva 
tion law is related to invariance under certain transformations, which implies 
that there is some indeterminacy in the phase. What has to be asked is whether 
this indeterminateness of phase should have a local character. This idea can 
also be applied to the conservation of heavy particles. If you asked what group 

of transformations generates the conservation of heavy particles, the simplest 
one is the transformation 
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where the phase is the same for both neutrons and protons. If the phase depends 
on space time, it is easy to show that in order to preserve invariance, one needs 
to introduce a vector field with zero charge and zero mass. In this case, there 
is no complication such as the non-linear terms which arose in the case of iso¬ 
topic spin. The consequence of this vector field is a heavy particle number 
associated with any system, and a repulsive force between any two objects. If 
the number of nucleons in the two objects are A} and A2, this force plus the 
gravitational force will then be 
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Since M and A are not strictly proportional, the observational consequence of 
this would be an apparent difference between the ratio of gravitational and 
inertial masses for different objects. This was studied experimentally quite ex 
tensively by Eotvos up to about 1920, and he found that the ratio between gravita 
tional and inertial mass is constant for all objects with an accuracy of 1 part in 
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Since the packing fraction in nuclei varies fractionalwise by 10“ , this 


means that the repulsive force postulated here can be at most only 10"^ of the 
gravitational force. This accuracy could be sharpened by comparing objects 
with a very large difference in packing fraction directly, such as hydrogen and 
oxygen. The negative experimental results seem to indicate either that the idea 
that every conservation law is associated with a gauge transformation is ground 
less, or that one needs to look for another type of group to generate the conserv 
ation of heavy particles. In reply to a question of Feynman’s, Yang noted that 
the coupling constant associated with this force cannot go to zero since then the 
phase, which is proportional to the coupling constant, vanishes and one cannot 
preserve the invariance. In response to a question of Breit’s as to whether this 
violates the principle of equivalence, Oppenheimer noted that there is no diffi¬ 
culty here since the transformation law obeyed by this field is different from 
that of the gravitational field. He noted, however, that there might be a much 
more sensitive test, in that with a vector field, velocity dependent effects could 
be quite large in nuclei, and these might contribute terms which would go the 
other way from the static term given here. Foldy raised the point that since the 
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sun is largely composed of hydrogen, one might also be able to find a sensitive 
test in astronomical effects. 

Fierz had some remarks to make on the dangers of using certain models to 
give a clue as to the behavior of quantum electrodynamics. For example, 

Thirring has shown that p^rt of the propagation function of the theory whose 
Hamiltonian is \-\ ~ (qr^d <p) x + (J> z + q 3 cannot be expanded in powers 

of the so-called coupling constant. However, one can see very immediately that 
such a theory cannot be developed at all in powers of the coupling constant. In 
such a theory, the classical limit is contained, so one can simply look at the 
classical theory. The energy of such a field is not positive definite, so it is 
always possible to make the system unstable. One can write down the solutions 
of the classical theory and show that they can never be developed in powers of 
the coupling constant. If one used instead a G coupling term, then the energy 
is positive definite but G = 0 is an essential singularity of the theory, since, if 
the sign of G is reversed, one again gets instability. However, one cannot con¬ 
clude anything about quantum electrodynamics from such a model. In the Pauli- 
Weisskopf theory, the energy must be positive definite no matter what you assume 
about the value of the charge. Because of gauge and energy conservation, the 
fields are always limited. However, in Dirac theory, there is no classical limit 
and such arguments cannot be used. So Fierz wanted to warn that it is probably 
a bad idea to try to draw any conclusions about quantum electrodynamics from 
such models. 

Feynman talked about possible ways to start to calculate the specific relativ¬ 
istic theory, with the interaction given by CJ yy (f> • There is a lot 

of evidence that this theory is wrong, and Feynman does not believe it, so this 
is presented in case someone else wants to calculate this theory. In the first 
place, the existence of the strange particles shows that the interaction between 
'TT' meson and proton is not completely described by this theory, to put it mildly. 
Secondly, the successes of Chew have shown that nature is correctly represented 
if the interaction is predominately through P waves and the S interaction is ex¬ 
tremely small. Yet, in this theory, almost certainly the S wave will be large. 
Further, Feynman does not like the theory because it is so close to electro¬ 
dynamics; you just replace 'Ey by ^5 and introduce a mass into the propagator- 
nature certainly has a better imagination than that. Finally, all honest attempts 
to solve this theory which do not start with perturbation theory expecting to im¬ 
prove on what is started (an evidently false expectation with the coupling con¬ 
stant of the order of 10 ) but rather start at the other end, fall flat on their face 
after a few stages, so that one comes to the conclusion, as Wentzel has, that the 
consequences of this theory, if they could be worked out, would be completely 
different from what nature looks like. 

The specific approach Feynman reported on was a way to include the contribu¬ 
tion due to closed loops before you start the calculation. This is usually ignored 
in the Tamm-Dancoff calculations which have been done, but can be handled in 
the following way. The usual action used in the theory is 
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where the wave function that occurs here is the wave function customarily used 
multiplied by the coupling constant of the theory. Usually, one starts with this 
action and then calculates the effect of closed loops; this is equivalent to using 
another action and calculating without the inclusion of closed loops. Hence, if 
this new action is very different from the old one, this takes the carpet out from 
under anyone who calculates ignoring any closed loops. Consider, for example, 
a particle moving from point 1 to point 2 through a fixed (i.e. not quantized) ex¬ 
ternal field. If we denote the action with no field by T 0 (4>), then we have 

| gi = j TJ, c<$)£ Dcj> =- j^o ($)£- <z D 

whereby we mean the action with no closed loops present and 


LL -J f X.. 


Here F is the amplitude to go around any loop completely. If 4> is small com¬ 
pared to M, then it is a good approximation to expand in power series in and 
all the gradiant terms are easily included. On physical grounds, one would ex¬ 
pect that, if this theory is ever going to work, in some region the gradient of 
the wave function should be of the order of . For example, for the usual 
static theory, the wave function is the order of jjl and the ratio of the gradient 
of the wave function to the wave function itself is also of the order of y . The 
loop contribution is essentially an average of 4> over a region of the order of 
l/M, so that the first approximation is to assume <p is a constant. If one calcu¬ 
lates this, one obtains 










The first correction terms due to the gradient are 
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Feynman has also calculated the fourth order corrections, although these were 
not given. 

What are the consequences of having this new action? It was hoped that in 

some crude sense, a new action of the form $ / ^ / Z $ * ) 

would be obtained where gi and JJ \ are new constants; but does the new action, 
in fact, look like this? Note that the constants which appear here are not yet 
the experimental constants, since further renormalizations have to be carrie 
out, but one can get some idea, presumably, of what is going on, if one substi¬ 
tutes the experimental constants in the above expressions. It is found that, 




in fact, the results are very different from what would be hoped, and it is sheer 
wishful thinking to believe that the next renormalization operation would bring 
about agreement between the modified action and what we are looking for. If one 
introduces the cut-off, then the new constants are related to the unrenormalized 
ones by matching the terms as <£ goes to zero and as the gradient of <p goes to 
zero. These give the two expressions: 
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However, if one actually adjusts the new coupling constant in order to fit these 
equations, then one finds that it is no longer true that the sixth and higher terms * 
are negligible, that is, if you carry out the renormalization, you make the original 
action so small as to allow the correction terms to completely dominate the 
desired result, and have completely changed the physics of the situation. This 
situation is illustrated in Table Ill where the renormalized Lagrangian is given 
for certain orders of magnitude for the field, and the gradient of the field in com¬ 
parison with the various closed loop contributions. 


TABLE III 
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Renormalized L 4 Z 

1/16000 

(*t) Z 

1/16000 

Closed Loops <p ^ 

1/10 

v4> 2 

1 /1600 

<J> 4 

1/1600 

<f> 6 

1/128,000 

(4> v*) z 

1/64,000 

( ) 2 

1/64,000 

( V4>) 4 

1/64,000 
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1/16000 

1/400 

1/400 

1/4°° 

1/400 

1/10 

1/10 
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1/40 

1/40 
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1/1600 
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1/128,000 
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1/40 

1 

1/40 

1/1600 
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It is clear from this that unless something very peculiar happens with the next 
renormalization, the situation is hopeless. Dyson commented that he had ap¬ 
proached the theory of nuclear saturation using very similar ideas and has also 
run into precisely this kind of situation and these kind of numbers. Feynman 
summarized by saying that almcs t certainly, if you permit a cut-off and choose 
it to be, say, of order of 2M, and require g 2 to be positive, and allow any 

theoretical mass, then he believe you can disprove the relativistic $ 5 meson 
theory. 


Penerls_ reported on some considerations about what the general features of 
the propagator in the meson nucleon theory must look like, in particular, as to 
where its singularities must lie. One knows to begin with, that it is a function of 
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7$ p. In the complex plane, it has a pole at M, it must have a branch point at 
M 4- ^ which is threshold for single meson production, and a branch point at 
M + Z which is threshold for double meson production, and so on. If the coup¬ 
ling is strong enough so that there are real isobaric states in the theory, then 
these states will contribute either poles or branch points as well, depending on 
what the selection rules are. What happens if one has virtual isobaric states 
with a finite lifetime and hence a complex energy? It would seem obvious, off 
hand, that these should also give poles in the complex plane. However, one has 
against this the following arguments: in the first place, the upper half plane is 
free of poles as Lehmann has proved, and secondly, that one can see from the 
way the equations look, that the whole plane is symmetric about the real axis, 
so one concludes there can be no poles in the whole complex plane, except along 
the axis. Thus it seems there are two contradictory conclusions, but these can 
be reconciled if it is remembered that one is dealing with ambiguous functions 
which involved a square root. While one gets no poles in the functions as they 
appear in the expressions considered here, if one continues these functions in¬ 
stead on to the other portion of the Riemann surface, it turns out that one indeed 
finds the poles there corresponding to virtual isobaric states. Some of these 
poles are fixed, and others depend on the resonance levels of the system. It is 
important to know where these poles are, of course, since they can very drastic¬ 
ally limit the region in which expansions are possible. 

Peierls then reported on some work of Matthews and Salam very briefly. 

A more detailed writeup is given here. 

The investigation which I wish to describe started from the work of Edwards 
and Peierls, who set out to solve the functional differential equations proposed by 
Schwinger (Proc. Nat. Acad. Sciences) for the one particle Green’s function. 

They succeeded in obtaining a solution to the equations if all closed loops are 
neglected. Dr. Matthews and myself tried to include them and found that the 
simplest procedure is to start from the definition of the Green’s function in terms 
of Feynman’s “sum over paths’’ formulation, rather than from the differential 
equation approach. In Feynman’s formulation, the Green’s function 

) O > is defined as ^ U ) £ iT c/~ ($> . 

The integral on the right denotes summation over all fields tp , cp and \ 

I is the total action I = /(^ +*Ctn±) % ; N is a normalizing constant, 

which equals f £ cf* & # The fields p and <p are to be treated as 
classical quantities, except that the Fermi fields have a prescribed order and two 
such fields anticommute. The p and integrations can readily be performed 
giving the final result: 


N 




Here Sp (1, Z;^>) is the one particle Green’s function in an external field (p » 
is the action for a Bose field p , and D(4>) is the vacuum to vacuum transition 
amplitude in our external Cp field. D(<£) turns out to be the Fredholm determin¬ 
ant for an integral equation with the kernel 3 ) Sp Cl,2) C ) . (Here we 
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assume oC\nt ~ 9 ^ 3^ <P » for simplicity). The result obtained by 

Edwards and Peierls, in which closed loops were neglected, is obtained from the 
present result by replacing D(<jp) by 1. 

The n particle Green's function likewise turns out to be 



The Fredholm determinant can be written in the form of an exponential 



and this is the form which Feynman used in his talk. This representation is cer- 
tainly valid if <0 % J | S F 0, (f> ( *■) | * d\ 1. 


Peierls reported on some work that Edwards has been doing along these lines. 
Since, in order to use the above approach, one needs to know the Green’s function 
in an arbitrary meson field, this approach would at first sight appear hopeless 
for an actual calculation, but it is, in fact, not quite so hopeless as it seems. 
Starting with the simplest case, that is, the neutral scalar theory with no recoil, 
one can, in fact, obtain the linear differential equation of the first order which 
can be solved exactly, and when the solution is introduced into the functional 
integration, this can also be carried out exactly. This is the only case where 
this is possible, however. When one looks at the charged scalar theory with no 
recoil, one cannot write down the solution as a function of <P , but it is useful as 
in ordinary integration to introduce a new variable for . If one introduces a 
part of the solution as the variable of integration, the integral becomes an ex¬ 
plicit functional integral which still cannot be done exactly; however, one can 
make further algebraic transformations of the remaining variables. The first 
such transformation gives an exact solution for the case of both weak and strong 
coupling and hence, something that should be reasonable in the intermediate 


region as well. The qualitative properties of the singularities turn out to be 
what one would expect from the discussion above. It appears that a similar 


method will be workable for pseudoscalar theory with recoil, only the algebra 
gets very much more complex. Klein commented that the functional integration 
could also be carried out for the pair theory, but that the separation of renormal¬ 
ization effects in this case was less explicit; it did have certain advantages, how¬ 
ever, in that the scattering could be obtained explicitly. Peierls noted that in 

the cases which have been studied, if one gets anywhere near an explicit solution 
one can very easily recognize the renormalization terms. 


Oppenheimer added a brief comment, relating what Peierls had said about the 
propagators, and what Feynman had said about how violent the renormalization 
program is in the ps case, with some findings of Pauli on the Lee model This 
is in connection with theories for which the renormalization can be done'explicitly 
and in w ich as the cut-off goes to infinity, the connection between the old coup- 

ZW T •! u n6W ^ ^ 5 haPPV ° ne - In the case considered by Lee, one 

gets singularities which are not of the kind that Pais and Uhlenbeck worried 

u , and not of the kind that Peierls has worried about. These singularities 
in the propagator very rapidly move away to great energies as the coupling con- 
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stant goes to zero, but with a finite coupling constant they are still around and 

contribute residues of the wrong sign, i.e., negative probabilities. This is 

another illustration of the fact that when you go into a theory in a violent way 

with renormalization, you have no guarantee that the propagator will retain the 

analytic character which Peierls described and which is needed for causality 
and unitarity. 

Feynman remarked that a student of his had calculated the interaction of 
scalar nucleons with mass zero scalar mesons, and if the self energy of the 
nucleon is calculated including recoil but with a cut-off, this self energy goes 
negative for large coupling constants. 


Lehmann started his presentation by remarking that in spite of the various 
statements we have had that something is very wrong with the existing field 
theories, he feels it is important to find out just where the trouble is, in order 
that this part of the theory can be changed, if possible. The problem is compli¬ 
cated since even in the renormalizable theories, one has to split off infinite 
terms. It is therefore difficult to discuss whether solutions to these basic equa¬ 
tions exist. He has tried with Drs. Symanzik and Zimmermann to reformulate 
the theory so that the theory contains only finite parameters from the start and 
no renormalization is necessary. In order to do this, it is necessary to avoid 
use of the field equations in terms of the Hamiltonian function. In theories with 
no stable bound states, one can express all relevant quantities by means of the 
vacuum functions, that is, the vacuum expectation values of time ordered oper¬ 
ators. Usually, one sets up equations for these functions using the field equation 
and they contain renormalization constants. However, Lehmann has found it pos¬ 
sible to set up equations from general requirements of Lorenz invariance, the 
causality requirement, (that is, that the field operators commute at space-like 
points) and an asymptotic condition on the matrix elements of the field operator 
in the remote past and the remote future. The advantage of introducing these 
assumptions explicitly is that one can then relax on some of them if something 


goes wrong. One expects that if these equations for the vacuum functions have 
solutions at all, they will have very many solutions since the interaction has not 
been specified explicitly. He finds a set of equations which are non-linear; these 
have some similarity to those found by Low for the meson theory which we have 
already discussed in this session. (It was made clear in subsequent discussion 
that although the Low equation as given above is for a specific interaction, linear 
in the meson field, it is readily generalizable to other interactions and can be 
written down without specifying these in detail.) In order to obtain unique solu¬ 
tions, one can impose some condition on these functions in addition to those 


general requirements stated above, for example, the asymptotic form in momen 
turn space. It is then possible to make a power series expansion of the solution 
and it can be shown that this power series expansion is identical with the re¬ 
normalized formulation of field theory. The real problem,.of course, is to find 
a general proof that one can have solutions which are not restricted to perturba 
tion theory expansions. Lehmann feels this discussion might well be facilitated 
by having finite equations to work with. In connection with the previous discussion 
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on difficulties with the singularities in the propagators, Lehmann mentioned the 
Lee model where, as shown by Pauli, in addition to the pole corresponding to the 
real mass of the particle, there is another pole corresponding to a “ghost state “ 
with as mass given by £ '^3 2 rtr ^°^' rr ^ • , the coupling constant appearing 

in this expression being the renormalized coupling constant. It would be interest¬ 
ing to know if this case corresponds to the situation in quantum electrodynamics. 
Of course, no one has solved this problem in general, but one can treat an 
approximation in which this can be worked out. In Lee’s example, the exact 
propagation function is given by the sum of a series of simple bubble diagrams. 
One can use the same approximation in quantum electrodynamics, and one then 

finds also that for any e^ , such a pole occurs. This could be a possible source 
of trouble in the theory. 



Monday Afternoon (Split Session): Elementary Particles--Experimental 

R. W. Thompson presiding " ' " 


Thompson opened the session and asked the speakers that emphasis be placed 
on the essential, new results in preference to those already published. “There 
are two choices that one can make to an introductory summary. The first one 
would be to cover what one might call the urea of agreement, but if one does this, 
then one certainly will not say anything that is not known already to the audience.’ 

If I attempt to talk of the questions which are not agreed on, or which are 
actually controversial, then I will take up much time and I will disturb the pro¬ 
gram. We leave the summary to Rossi on Wednesday morning and now I shall 
call Prof. Leprince-Ringuet to speak. ’’ 

Leprinc e-Ringuet: “1 introduced last summer in Glasgow a new kind of prac¬ 
tical English, a mixture of bad English and bad French. I do not know and I 
wonder if it is better to do so or to speak French.’ 1 After Leprince-Ringuet found 
out that most of the audience did not understand French and that they preferred 
bad English, he apologized for his new mixture of English and French “because 
I understand better in French what I say.’’ (Laughter) Then he reported (in 
English) on the work of the cloud chamber group of Ecole Polytechnique Paris which 
includes Armenteros, Gregory, Hendel, Lagarrigue, Muller, Peyrou and himself, 

and on the results of the photographic emulsions group which included Crussard, 
Hoang, Jauneau, Kayas, Morellet, Or kin-Lecourtois and Trembley. (For 

the description of the double cloud chamber and preliminary results of the first 
group see proceedings of the Fourth Annual Rochester Conference, pg. 69). 

The first subject in Leprinc e-Ringuet’s talk was on the mass of the S particles. 
The average mass of 20 positive S particles with secondaries was 928 t 13 M e , 
and there is a possibility of a shift of 14 M e due to errors in the measurement of 
the magnetic field, and to some uncertainties in the momentum range relations. 

Next the S particles were divided into two groups according to the ranges of 
their secondaries. The first group included all secondaries with ranges smaller 
or equal to 45 gr. CM"^ of copper. (45 grams of copper is the range of the pion 
originating in the decay, K^—> JJ t + IF 0 .) The average mass of positive S particles 
in this group is 948 t 22 M e . In four cases (plus one possible case) out of 9 
cases altogether, an electronic showers were associated with the stopping points 
of the S particles. The second group included all positive S particles with 
secondaries with ranges longer than 45 gr. CM“^ of copper. The average mass 
of this group was 906 ± 27 electronic masses. He pointed out that there was a 
geometrical bias against long range secondaries and observational bias for the 
very short range secondaries. Then Leprince-Ringuet showed a slide of the 
potential and actual ranges of all secondaries to S particles. (See Fig. ^ 
figure three vertical lines have been drawn at 15,45 and 75,7 g.cm Cu. They cor 
respond respectively to the maximum range of one of the charged pi-mesons in the 
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tau-decay, to the -range in the chi-decay and to the best value of the K^-line. 
The latter figure is obtained from the nine secondaries which stopped with ranges 
above 45 g;cm“^ Cu and do not, therefore, represent the decay of chi-particles. 
No reasonable spectrum can be fitted to the observations above 45 g.crrT^Cu and 
one is forced to the conclusion that the nine observed stops corresponds to a u- 
nique range of 75,7* 1,7 g,cm‘“ Cu. Leprince-Ringuet then showed that the long 
range secondaries were M -mesons originating in the decav K . z* ± 


range secondaries were U -mesons originating in the decay 
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The resulting mass of the Ky. obtained from the range of the jjl- -secondary was 
(941 _ ll)m e . The average mass of the primaries of the long secondaries group 
measured directly, was 906 t 27 M e . In both the direct and indirect measure¬ 
ments of the K ju 2 masses, there were possible systematic errors from two 
sources. An error of 1% in the measurements of the magnetic field in the upper 
chamber will introduce an error of 15 electronic masses in the directly measured 
mass of the K jU 2, and an error of 2 % in the range momentum relation in copper 
will introduce an error of 10 electronic masses in the K 2 mass measured dir¬ 
ectly, or indirectly. On top of this, the Paris group estimated that improper choice 
of S events, some cases of decay in light, and yU-e decays at the end of their 
range, will introduce an error of 10 electronic masses to the K /a 2 mass meas¬ 
ured indirectly. Together with the S + particles, two negative K mesons which came 
to rest in the chamber, were found. One negative stopped particle gave rise to a 
short secondary. The other ended without giving rise to any star but there was an 
associated gamma, coming from its point of decay. The ratio of positive to neg¬ 
ative S particles which came to rest in the plate chamber, and had good mass 
measurement, was 22 positive particles against 2 negative particles. By compar¬ 
ing the number of charged V particles to S particles with similar momentum, and 
by assuming that both groups consisted of the same K particles, they found a mean 
life time of (10 ± 3) x 10 "9 sec. for the two groups. 

This was followed by reporting on mass measurement of K particles by the 
emulsion group. The masses of all K particles in photographic emulsion found in 
Paris were measured by four different methods: grain density against range, gap 
density against range, photometric opacity against range, and scattering against 
range. The results of these measurements are summarized in Table I. 

TABLE I 


Masse De 29 Mesons K (Emulsions ) 

dont le secondaire est voisin du minimum d'ionisation. 
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In three favorable cases, it was possible to measure both the masses of the 
stopped K particles and the P ft of the secondary particles. The average values 
for the three cases were, for the mass = 942 t 40 M e , and for the P ft - 
209 ^ 9 Mev/c. Assuming a decay scheme K ~9 ^ for all the three cases, 

and using a mass of 209.9 ^ 22 M e for the /c , they found a mass of 942 ± 23 M e 
for the primary K particle, in agreement with the direct measurement. Taking 
the direct and the indirect mass measurements together, they got a value of 
942 ± 20 M e for the K/^2 in plates. 

Coming back to cloud chamber work, Leprince-Ringuet reported on 11 7^ ’s 
decaying in flight, which were found in Paris. Six of them were positive T^’s, 
all but two of which were slow particles (having momentum less than 1 Bev) and 
five were negative fast TT’s. In one case, it was possible to measure the mass 
of a and it was found to be 969 i 30 M e . 

The charged V particles observed in cloud chamber were divided into two 
groups. A slow group containing all particles with momentum less than 1 Bev, 
and a fast one containing all particles of higher momentum. In the slow group, 
it was possible to measure the momentum of the charged V particles, and it 
was found that in this group there was no contamination of hyperons. Five of 
the secondaries of the slow V± particles entered the plate chamber and traveled 
about 5 collision mean free paths in copper without producing any nuclear inter¬ 
action. This suggested that these secondaries were JU. mesons. Two of these 
secondaries stopped in the plates. One of these had a P* of 108 Mev. This cannot 
be a case of K// 2 but it is a good example of K ^ 3. The life span of the charged 
V particles was of the order of 10"9 sec. Then Leprince-Ringuet drew diagrams 
of two distributions on the board. One was the distribution in P* for all second¬ 
aries from charged V particles of the slow group, and the other was distribution 
in ranges of secondaries of S particles. It was evident from the diagram that 
the secondaries of the charged V’s have a very similar distribution to that of 
the secondaries of S particles, and we may conclude that they both represent a 
similar mixture of different K particles. The proportion of among S par¬ 

ticles with life time more than 5 x 10”^ see. is 70%. 


Menon_ spoke on the results obtained at Bristol in photographic emulsion. 

Because of the shortness of time he did not deal with any specific experimental 

technique but left it for discussion. He only spoke on the results obtained in the 
following experiments: 

The 1480 experiment. Some results on this experiment have already been 
reported in the last two Rochester Conferences. The state of the experiment at 
this conference is that Fowler and Perkins have analyzed 1000 showers with 
N s> 3. From these showers they examined particles with ionization: 1 2-£ e**-2 3 
at origin, where g* = the ionization measured on the track in question, and 
normalized to the plateau value. Mass measurements of multiple scattering 
against ionization were carried out on these particles. The selection criterion 
was a minimum track length of 7 millimeters per plate, and a minimum stack 
ength of 4 centimeters before particles left the emulsion block. The results of 
these measurements on 300 tracks of this kind are shown in Fig 2 and 3 
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The mass distribution (Fig. 5) showed 
about ZOO particles in the proton 
deuteron mass group, 15 in the 1480 
mass group, and 6 conventional K 
particles in the region of 1000 M e . 

During the past year ail possible 
sources of error which arise in the 
experimental technique were exam¬ 
ined to see whether these particles 
could, in fact, be protons, or K par¬ 
ticles, which gave particles of mass 
1480 as result of epxerimental errors. 

Their final statement on the subject 
was that they could not find any source 
of experimental error which could 
produce these effects. The mean 
value for this group of particles was 
1455 t 35 M e by grain density and 
scattering measurements. On tracks 
of 13 centimeters or longer the mass 
was estimated by measuring the 
variation of grain density, as function 
of range, along the track. In this way, 
they got a mean value of 1430 ± 110 M e . 

Using the same method, a mass of 

94Z t 464 was obtained for identified K mesons, and for two K particles which 
decayed into light mesons, the values 10ZZ d 30, and 1080 i 84, respectively. 
They hoped that in the large stack of emulsions, particles of this group (if they 
were really in existence) 
would come to rest in the 
emulsion block, and their 
mass could be measured 
by another parameter, 
their range. Furthermore 
one could see what hap¬ 
pened at the end of their 
range. 

The grey tracks, exper¬ 
iment. This experiment 
was designed to get un¬ 
biased relative frequencies 
for the different types of 
K mesons. In this exper¬ 
iment, they examined 
nuclear interactions with 
N s ^2. They counted the 
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grain density along a few 
millimeters near the star 
of each track associated 
with these events, and then 
followed the track to the end 
of its range, and plotted the 
grain density against range 
for these particles. (Fig. 4) 
All particles with mass less 
than 1500 M 0 should be 
found in an experiment of 
this kind. The following 
results were obtained. 

Ten stopped K particles 
decaying into light ionizing 
secondaries; one K particle 
of this kind decayed in 
flight. No 'TT mesons or K 
induced stars were found 



RANG! o 


in this experiment. There¬ 
fore it would appear that 

the number of K particles which induces 
nuclear disintegration at the end of 
their range is about 10 times smaller 
than that which decays into light ion¬ 
izing particles. More examples of K 
decays in flight will give a very accurate 
value for the lifetime. 

Hyperons; Two cases of Y particles 
which come to rest and decay into pro¬ 
tons of unique range, were found. The 
ranges of the protons were 1675 microns 
and 1602 microns respectively. Their 
energies were 18.7 ± .19, 18.32 ± 0.32 
Mev respectively. Assuming 

Y^ p * tt° - a , 

the Q values will be 115.8 ± 1 and 113.5 
± 1.7 Mev respectively. Three exam¬ 
ples of charged Y’s decaying in flight 
into light mesons, were found. 

A ssuming 
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the Q!s were 115 ± 7, 103 ± 10.5, and 60 ± 11, Mev respectively. The last Q value 
was incompatible with the known Q value of 110. Assuming that this last case was 



X + Tf 



the Q value will be 59 ^ 11. Using the method of maximum likelihood for these 
decays in flight, they found a lifetime of .55 x 10”^\sec. Four examples of Y 
captures in emulsion were found. Their masses were 2440 t 350, 2300 ± 250, 
2400 i 350 and 2000 "t 300 Mev. The stars produced by these particles were 
generally very similar to those produced by TT -captures. A very interesting 
example was the following: from 18 + 4P type star, a particle of range 96 microns 
emerged and produced a disintegration at the end of its range. The disintegra¬ 
tion consisted of a short recoil and a 29 Mev IT & star. Because of the short 


range of the primary, it was impossible to identify it as a K particle or an 
hyperon. From the same 18 + 4P type star, another K particle emerged which 
could be a case of associated production of K + V or of K + K“. In any case, it 
was not an unstable fragment. Four examples of associated production were 
found in Bristol. The first one was already described and it is either K^(s) + 
Y"(s) or Kg(s) + K"(s). The other examples were: (2) (s) + Y L _(V), with 

Qy > 85 Mev, (3) K^?(s) + Y L (V) with Qy = 116 t 15 Mev, and (4) K (Interaction in 
flight) + Y l (V) and Q y ^97 ± 15 Mev. 

Then Menon reported on two interesting events. Event number 1 is shown in 
Fig. 6. Track A is a 54 Mev K meson t 


which decayed into a light particle. 
Track B, 9 centimeter in length, is due 
to a proton, and track C is a 3.3 centi¬ 
meter track which by measurement of 

✓ 

ionization and scattering gave a mass 
of 844 ± 90 M e . This is probably a case 
of inelastic scattering of a K meson. 




The second event (see Fig. 7) was a 


K-// -e. 


Fig. 7 
Event No. 2 



The K had a mass of 830t 100 Me and originated in a 4 + op type star. T e 
primary of this star (A) was again a K meson of mass 950 i 100 Mev. T is 
particle came from a small nuclear event (B). The primary of this nuc ea r 
event (B) joined nuclear event (B) to another nuclear event (C). The connec l 
had P(3 = 1100 Mev/c. A proton with this P could not produce a K par ic 
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and it was very likely that the connection was also a K particle. From the nuclear 
event (C) a Y particle was ejected which decayed in flight into a light ionizing 
particle. The Q value of this Y particle was 97 i 15 Mev. 

Then Menon reported on two more cases of K electron decays. The first event 
of a K-electron decay was reported by Bristol at the Padua Conference (April 
1954); the electron had an energy of 88 Mev at emission and was identified from 
bremsstrahlung loss of-energy on the track. In the two new cases, (1) Dublin, 
had an energy at emission of 81 t 9 Mev and was identified by direct P (3 vs. 
ionization mass measurements. (Z) Bristol, had energy at emission of 49 * 4 
Mev and the P ft decreased along the length of track to'a value of 17 t Z Mev/c, 
a phenomenon quite typical of loss of energy of electrons by radiation. 

Menon concluded by describing the new experiment which was carried out in 
collaboration with Milan and Padua . They exposed a very large stack of stripped 
emulsion, the dimension of which were \4j x 10^ inches, and Z50 plates. 

Discussion: Oppenheimer. Is there any clear evidence for an event of asso¬ 
ciated production in which a K particle and a Y particle are produced together, 
and the K particle decays into a yj meson? Menon. We have observed the one 
case that could suggest an associated production of Y and K-^-e, but it is not a 
clear cut event since one is not sure of a possible change of identity in the scat¬ 
tering processes. Then Menon wrote down a list of all events of associated pro¬ 
duction that have been observed so far. 

Cases of Associated Production 

( 1 ) ^+Y L (V) (5) K,(s) + Y£ (K"(?) ) 

(2) K(s) + Y- or K(s) + K~ (6) K(l) + Y L (V) . 

(3) Kg (s) + Yl(V) (7) Kg(s) + Y ( A ° or &°) 

(4) Kg (s) + Yl(V) (8 ) 'TT + f* 

(9) ^ (s) + Y- (s) 

Notation: 

K = K meson; any meson with mass between the mass of TK and of a proton. 

Y - Y meson or hyperon; any meson with mass between the mass of a neutron 
and of a deuteron. 

K(s) = an event where a K meson decays at rest (stopped). 

— an event where a K meson decays into a light meson or electron. 

Y(V) - an event where a hyperon decays in flight. 

Y p" an event where a hyperon decays into a proton. 

Yr = an event where a hyperon decays into a light meson. 

K(I)r an event where a K meson interacts in flight. 

f* = a n event where an excited fragment results. 

Comment by Yekutieli: There is another case to be added to the list 
Y. Eisenberg examined the star in which the super hyperon particle was'produced. 
He found that together with it, from the same star, a K meson of 900 Me was 
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produced. Question by Pickup: What is the lifetime of the 1480 particles and 
would it be possible that they decay before they come to rest in the emuls’ion? 

nswer by Menon: They are not very short-lived particles. Considerable track 
length has been followed and no decay in flight was observed. Again, no 1480 

particle was found to stop in the emulsion. The different particles found in the 
grey tracks experiment are shown in Table II 


1T+ 7T- K 
40 112 10 
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TABLE II 

other 

DorT oc particles unidentified 
52 85 7 5 2 74 I 


total 

4323 


out of 4912 stars 


Dallaporta reported on the work of the Padua group: Baldo, Belliboni, 
C ecarelli, Grilli, Merlin, Sechi, Vitale and Zorn, i-vll the results reported are 
those obtained in the analysis of the events found in the scanning of two stripped 
emulsion stacks of 40 plates each, 4” x 6’’ large and 600 microns thick, from 
the Sardinian flights of summer 1953. Eight *~C mesons were found so far in 
Padua. In one case the TT meson decayed in flight. Using the method of maxi¬ 
mum likelihood, they found a value of 5 x 10 “^ sec. for the lifetime of the 
meson. 23 positive K mesons were found, but only four of them had measurable 
secondaries. Details of the measurements done on these K particles and their 
secondaries are given in Table III. 


TABLE III 

Decays with Measurable Secondaries 


Mass of “Primary' 1 

Total length 

Length per plate 

of second¬ 

Mass of 

Event 

m 

e 

of secondary 

of secondary 

ary MeV 

second¬ 



mm 

mm 


ary m e 

Pd 3 

964 + 60 

21 0 

6 5 

160 + 9 

278+33 

Pd 7 

945 + 50 

24 0 

17 0 

159 t 10 

272+30 

Pd 11 

1132 t 100 

44 8 

10 0 

172 + 9 

289±28 

Pd 8 

1100 t 135 

44 4 

16 4 

149 ± 8 

197 + 25 


83 


The first three K particles in this table decay into pions of unique energy. Assum¬ 
ing that all are the same kind of K particles which decay according to 77* + ? , 

and using the average values for the primary mass of 962 1 40 Me (as was 
measured), and for the secondaries P ft - 164 t 5 Mev, they found that the mass 
of the neutral secondary was 269 1 50 Me. In this way, they were able to prove 
that the first three cases are in agreement with the decay sch'eme 
K*r ff* + 'rf~ + 210 Mev. Then Prof. Dallaporta showed a slide containing 

the data on the five charged hyperons found in Padua. (See Fig. 8) 
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Two hyperons decayed at rest and gave protons of unique energy PD3 and PD5, 

They are consistent with the decay scheme: Y + -^P + 7 T° -f 116 ± Z Mev The 
other three hyperons decayed in flight. 

Of the nuclear disingtegraions induced by negative K particles, 8 negative K 

capture stars were observed. ( See Table IV) In 5 cases a Tr meson of 30 to 50 
Mev came out. The stars were 

small with a visible energy of k & n d Y C ^ t u r * 5 

40 to Z 5 0 Mev. They failed to 1 

find any heavy particle asso- U -1 'i-r Jl »d!“‘ 

ciated with these stars. To- . — r — 1 1 I 1 1 .. Fl 

gether with the eight K" stars, If' ^ 1 ^ II. l io 7 *tuo £ [ 7 17)1 

one star produced by a nega- ' | _ 

tive hyperon was found. When- If ?♦/*, 47.<> ?65ti)° ,3 *, to 

ever a heavy particle was -<--—-- 

traced back to its origin star, If ; V L 75.f 907- /^° r 7 ?o t 5 ir * 

all the other tracks in the ori- —— j-p —~ p —p - 

gin stars were examined. In j Z° 0 67oi 300 U n ll 75 

this way 60% of the tracks —- t j 0 o 

associated with origin stars ^ w °- 3 00 65 ~35 ^ 0 

were followed back to the end “ 77 77 ~P~~Tr 

of their range, but not a single Ni ^ ^ /-/ 1 ° ~ 50 _ 

heavy unstable particle was ~ ' 

found among these secondaries. u _ 21 3 * /0 _ 

The frequency of occurence u ~ y P P ^ * 

n 7 / 0 S 0.160 it *.*) . 

for the different heavy mesons, 'tot ' ___ 5 _IT_ 

as deduced from the Padua v “ 5r 9 9*3 iooo+\oo ? ^70 

results, are given in Table V. ft 1 1 ' __ I I -i-■-' 

The observed frequencies 

were corrected for efficiency Table IV 

of observation. 


Table IV 


Pal reported on 
the work of the Tata 
group in Bombay 
which included Daniel, 
Lai, Rama, Mitra, 
Neelkantan, Apparao, 
Shivaikas ,Goel, 
Biswas and Peters. 
The results described 
were found in the last 
six months in two 
emulsion block detec¬ 
tors, consisting of 
ZOO and 1Z5 sheets of 
6 ” x 6”, 600//thick- 
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ness of emulsion exposed to the cosmic radiation in balloon flights from Delhi 
and Ahmedabad in March, last year. The search for heavy unstable particles 
was made by three methods, (a) tracing of stopped Tmesons towards their 
origin, (b) tracing of tracks of 0.25^ 0^- 0.5 emitted from stars, to the end of 
their range, and (c) systematic scanning. 23 cases of heavy unstable particles 
were found: one abnormal T7 meson decay, 7 normal 'k meson decays, one 
decay, one K“ capture, three interactions of fast K mesons, 8 A° decays, one 
A + decay, and one Y” capture. 

An abnormal 'C meson was found in Bombay. The t: meson came from a 
9 + 1 ’ or 9 + Op’’ type star. Its mass was measured directly and was 
980 t 50 Me in agreement with the normal mass of the Tt . The kinetic energies 
of the three pions were 13.8 Mev (positive meson which ended in the emulsion), 
1.85 Mev (positive meson ending the emulsion), and 30.6 ± 2.2 Mev (measured by 
grain density and scattering since it left the emulsion block.) The total kinetic 


energy of the three Tf ’s was 46.1 ± 2.2 Mev. This is 29 ± 2 Mev short of the 
well-known Q value of the T meson, 75 Mev. The 3 TV ’s were not coplanor and 
the net unbalance in the momentum is 32.1 t 2.7 Mev. The unbalances in energy 
and momentum can be resolved by assuming the following decay scheme. 

^ *" ^ + ^ (32.1 ± 2.7 Mev) + 46.1 t 2.2 Mev. The upper limit on 

the mass of the neutral particle that could replace the gamma ray was 12 elec¬ 
tronic masses. The neutral particle cannot be a Fermion. On the other hand, 
if we assume that the third particle that left the emulsion block is a yL then the 
decay scheme is: 't + ^ TT+ + fT + ^~ + F and the mass of the primary’should 
be 876 ± 5 Me, in contradiction to the measured value of 980 ± 50. Together 
with the one abnormal 't meson, 7 normal 'C’s were found in Bombay. The Q 
values were in fair agreement with the known Q of 75 Mev. 

Then Pal brought good evidence for the 0± -t> 7 T± + TT° decay in emulsion. 
The event studied in Bombay was a K meson coming from a 16 + 0 n type star 
which came to rest after 4.98 millimeters and decayed into a relativistic second¬ 
ary. The relativistic secondary produced a 5 + 0 p star after traveling 4 centi¬ 
meters in the emulsion. The direct measurement on the primary K particle 
yielded MK = 937 t 250 Me. The star produced by the secondary indicated that 

In WaS u-T mes ° n - . The of this meson was measured in three different ways 
( 1 ) multiple scattering ( 2 ) grain counting, using the grain density calibration 

curve and the range-energy relation suggested by Daniel, George, and Peters, 

and (3) grain density using the theoretical tables of Smith and the value of 

Su„d mi 2 , r n < U 5 t i U T* nd Shapi '" 5 ' the three methods, they 

und 104.1 E n .<115.4. Now assuming a decay scheme »t y rr± + rT° 4 Q 

0,7+ * he “A 1 ” 220 1 12 Mev ’ ior “>« ™>*» Of the S’ ,M = 

HL'mlng y* er th' m r* u“, h ,he C ‘° Ud chamb " »ork. On the oth„ hand, 

assuming K -ylr + Y , they found = 892 ±24 Me 

A 2.9 milimeter long K”, ejected from a 7 + 8 W star 
emulsion and produced a capture star h* • P * C me to rest ln the 

proton, and 2.7 micron recoil n ! ?T®. & ne 8 atlve P io n of 44 Mev, a 74 Mev 

as found. It could be a case of K in, /\ o ou t, and 



86 


rapid decay of the A ° into TT and proton. Then Pal reproduced a diagram (see 
Fig. 9) showing schematically the interactions of three fast K particles. In each 
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Fig. 9 


of the three cases, the particle connecting stars SI and S2 could not be a light 
meson because it did not change its grain density (which was of the order of 1.3 
times minimum) along a track longer than 2 centimeters. It could not be a pro¬ 
ton, deuteron, or triton because they would not have enough energy available in 
their center of mass system to create the K mesons which came out of the two 
stars. It was concluded that the particles connecting SI and S2 are K mesons. 
Direct mass measurements on these tracks were very poor, because the tracks 
were very steep. They gave 820 h 180 Me for the longest track and about 500 Me 
for the other two tracks. The energies lost by the K particles in producing the 
52 stars were 101, 202, and 117 Mev respectively. Thus, it is concluded that 
occasionally, positive K mesons of 100 to 250 Mev energy can lose a substantial 
portion of their energy in nuclear interaction without being disrupted. 

Two prong stars of a proton and a negative pion that both came to rest in the 
emulsion at the end of their range were analyzed as being A° decays. The Q 
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values obtained in this way were, in five cases: 39.28 ± 1, 39.19 ± .87, 36 85 ± 66 
37.28 t .49, and 36.93 i .65. The last three cases are in agreement with the 
known Q value. The first two had a higher Q value and this could be significant. 

A sixth case of A ° decay was found to be associated with a (9 + 1) n star, the 
A° was coplanor with the star within .45°. This was a super determined event 
and the Q value was calculated by nine different combinations of angle and 

momenta. All the nine Q values calculated were in agreement with the known Q 
value of 37 Mev and their mean was 37.13 i .33 Mev. 

Two charged hyperons decays were found. In one ease, the secondary was 
identified as a proton of range 1660 microns. The mass of the primary was 
measured directly to be 1900 + 650 = 450 Me. Assuming a decay scheme 


P + 7r° + Q, then Q = 116.1 ± 1.2 Mev and the mass of the A 

> A 


2327 ± 2.4 Me. (Error due to straggling and uncertainty in emulsion thickness 
has been taken into account.) Direct mass measurement on the second hyperon 
gave 2100 _2{H Me. The secondary was very steep. Direct mass measurements 
on the secondary gave a mass of D or T. There was a possible recoil associated 
wAh the end of the hyperon. This could, therefore, be a-case of hyperon capture 
On the other hand, an electron pair was found to originate 68 microns from the 
end point of the hyperon. On the assumption that the pair was induced by an 
x ray from a rr ° decay, and that the hyperon decayed according to 

A P t„T° ; * h 2 y £ou " d Q = U7 - 9 1 '-5 Mev, and the energy of the elec- 


;n rs; ' 08 - 7 . t 

V ' L “ l0 - 5 Mev in good agreement with the assumption. 


(T pr'. S »tdLg. f ) , " n ° 0 " S ' SSi0n: E>«me„t.ry Phrticies.R. W.Thompson 

each event, the pot.ntia, range of the .econd.ry p.rtUle "e«!r.d Th 

potentU, range of a secondary is the mi „i mum ^L 8 e ,ia, this par«cle halt 
have at production so as to get out of the rhamKpr • • . . n 1 

ever the secondary particle came to , minimum ionization. When- 

measured as well In a numbed PlateS> the actual ran § e was 

the ending point oi the S paTtidV iTfZ 7 IT*' 0 ; 1 W " aSS ° ciated with 

of secondaries to S particles are plotted Thirtv^e S and ^ &CtUal ran 8 es 
in the copper plates and twenty nine in 1 VGn S events Were observed 

actually stopped in the plates y The h e lead plates. Very few particles 

of 60 gm.Cm-2 of lead or about 45 gr ° f Part ^ leS with uni< 3ue range 

error. Another group of Dartir 1 e = f ’ , f copper withm the experimental 

of lead or 70 gr. Cm' 2 of copper. In^ddit^o '"th r&ngeS around 100 gr. Cm" 2 
stopped.having shorter ranges- from 2 0 to* vo ^ W ? re ° nly tW ° particles that 
to 2 9 gr. Cm -2 of lead The data on t h 9 T’ ^ ° f C ° PPer and fr ° m 23 

very strongly the existence of two groups" of Tartar °h ^ S 6VentS SUg S eSted 

of two definite ranges, one around 60 anH J 1 decaying into secondaries 

nd 60, and another around 100 gr. Cm" 2 of lead. 
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It is quite reasonable to explain the MIT results by assuming that the secondaries 
are resulting from two particles, S-60 and S-100, which undergo a two-body 
decay and give secondaries of ranges 60 and 100 gr. Cm”^ of lead. 

In five cases, the ranges of the secondaries were about 60 gr. Cm of lead 
and in 4 of these cases there was a photon secondary associated with the decay 
point. There were five cases with secondaries of range about 100 grams of lead, 
and in none of these cases was there a photon secondary associated with the 
decay point. There were another 8 events with a photon secondary. In none of 
these cases did the secondary stop in the chamber, but the potential ranges in all 
of these cases were less than 60 grams of lead. In addition, there were 19 cases 
of secondaries with ranges greater than 60 grams, and in none of these cases was 
there a photon secondary associated with the decay point. The conclusion is, 
clearly, that the photons were associated with the S-60 events, and they were no 

associated with S-100 events. , , 

It was impossible to assume that the photons originated from a two ° 

of K particle into a secondary charged particle and into a gamma ra Y* 

was the case, the electronic showers originated by the gamma rays should be 

always in a direction opposite to the charged secondaries, going ac 
180°, but this is not the case. On the other hand, it was perfect y possi 
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assume that these photons arose from the decay of a neutral IT which was emitted 
in a two-body decay together with a charged secondary. The energy distribution 
of the associated gamma rays was perfectly consistent with this assumption and 
it was very reasonable to assume the following decay scheme: 5-60 is identical 
with the positive © + TT + + Tf°. The evidence for a positive TT meson and 
against a positive y meson is the following: there were two events with second¬ 
aries of short range. These two events were associated with gamma rays and 
could be explained as fT meson secondaries interacting in flight in the plates. 

If it was assumed that all S particles associated with gamma rays were Q +, then 
one would expect about one stopping of a charged meson in plates for all these 
events. This was in good agreement with the two cases of stopping found. 

Que stion: Could the two short range secondaries be cases of ' mesons? 

Answer: by Rossi. We could not see / 7T' in our cloud chamber. They would not 
come out of the plates. The ranges of the two short range secondaries were 

smaller than 60 grams of lead but they were greater than Z0 grams of lead cor¬ 
responding to the TT 7 range. 

The best assumption with regard to the S-100 particle was that it was a K /a Z 
particle which decayed into ^ and a neutrino. The neutral particle was a neu¬ 
trino and not a gamma or a 7h 0 because they did not see any associated gamma 
rays with the decay points. The charged particle was a ^ and not a TT because 
no nuclear stopping was found associated with the S-100 events or with other 
events which were not associated with secondary photons. If it was a 7,r meson 
one should expect about 7 nuclear events for the secondaries but none were seen 

With regard to the masses of the K^ z and K^2 particles, one can say the 
lollowmg: 7 

There are two favorable cases of 2 where the ranges of the secondaries 
could be measured with great accuracy. The ranges were 54.2 and 59.7 gr. Cm' 2 

fro % if lS tT l ^° rS ‘ Assumin 8 that these secondaries resulted 

from the decay: & + -»* + +1 ro we find for the mass of the * the K particle 
a most likely value of 952 t 11 electron masses. Z 

E ra™% 7 Jfad lik Vh- ValUe ^ ^ ° f Secondaries to S-100 events was 102 

US 1 /' This corres P onded a mass of 950 ± 15 electron masses if we 

assume the decay scheme K y2. yA + ^ 

The observed numbers of S-60 and S-100 events are about the same but the 

th,°„ r Trt z: TCiz: ztz 1 :; secondiries ^ 

K^ 2 . The mean time of sto Ppi „ g of 

sec. Question by Thompson: Wh»t i. .k. . een l and 2 x 10 ^ 

that of the 7 z ^eind that ofth^K.2 particle^ f V“ ^ SS betWeen 

rla+T> a innn + u„ , ,, .. C . P rtlc les Rossi answered: From the MTT 

outside the ": p ”“me°ntM‘error! “ SOm ‘"' ha ' *»• Td but no, 

California Institute of Techr^Lgy^ The W£re ° n ^ W3y &t th ® 

y °. The new value was t Q = (3 86 ±75 l *, n T " ^ ^ lifetime the 

cases of identified Jl °’s Three = ' • Sec * and ^ WaS based on 78 

follow. • Three sum baarles on the items reported by Anderson 
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Preliminary Report on Angular Correlation in Single V° Events Produced in Lead 

by Carl A Rouse 


In 35 out of about 100,000 cloud chamber photographs from the 18” and 48” 
Magnet-Cloud Chambers, it was possible to measure the angle between the pro¬ 
duction plane (the plane defined by the visible charged primary and the line of 
flight of the V°) and the decay plane of single V° events. In these cases it was 
also required that the event be associated with a “jet”, i.e., two or more mini¬ 
mum ionizing particles contained within a cone of 10° half-angle. This latter re¬ 
quirement was used in an attempt to obtain a sampling in which the influence of 
nuclear cascade was minimized. 

The results are shown in Fig. 11. Errors of ± 5° were allowed for each case. 
Of the 16 cases from the 48” cloud chamber, three had one or two heavily ionizing 
tracks and three had a few electron tracks associated with the interaction. 

A complete analysis of the 18” data will be made later. 

The diagrams indicate that there is not a strong angular correlation although 
the effect of the lead nucleus could still tend to wash out such an effect. Conclu¬ 
sive data must come from interactions within hydrogen-filled chambers. 


Double-V° Decays at CalTech 

by 

J. D. Sorrels 


Seventeen events have been observed in the CalTech 48-inch magnet cloud 
chambers were two V° particles simultaneously appear in a single chamber. 
These particles are associated with penetrating showers produced in lead. 

Only three of the 48-inch double-V° cases have decay planes which could not 
both pass through the origin of an apparent nuclear event. One of these is the 
event 19143 previously published 1 and interpreted as probably an ordinary 0° 
and an anomalous °. The other two cases appear in dense showers and require 

different origins for two-body decays. 

In another event, 24746, the decay planes are coplanar with a nuclear event, 

but the line of flight of one member does not pass through the apparent origin. 
This V° has a light positive secondary, and on the assumption of the decay 
K °^ 7 T+ + 7 f~ + Q, it has a Q-value of 128 + 35 Mev. This may be another case 


of an anomalous ©°. The other V° remains unidentified. 

The final thirteen events are double-V°’s having decay planes whic P as 

some shower origin (Fig. 12). The noncoplanarity angles (cT) assum ed 

origin are less than 6 ° in all but three cases. Even where cl ^6 , the 

origins are coplanar within the experimental errors of ^f Se 

In seven double-V°’s having a common origin, both V s have D th 

under the assumption that a V° must be either of the ordinary A YP - 


Van Lint, Anderson, Cowan, Leighton and York, Phys. Rev 


94 , 1732 (1954) 
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0° type. If associated production of /\ ° - o ° pairs does not occur in lead, one 
would expect to find that some of the double-V° decays consist of ^° - £9° pairs, 

A° - A ° pairs, or A ° - 0° pairs due to either multiple or plural production. 
These data admit this possibility, for six cases could be ° - &° pairs, and 
two cases could be A ° - A° pairs. However, every case found to date where 
both V 0, s can be identified is the A° - Q° type. We can think of no bias in our 
identification procedures which would favor the identification of both particles 
only in the case of A° - <^° pairs. It is likely, therefore, that associated pro¬ 

duction of the A ° “ Q ° P a irs occurs in cosmic ray penetrating showers in lead. 

Following researchers at Princeton, we have searched for correlations be¬ 
tween the decay planes of associated V°-particles and the plane containing their 
lines of flight. For each double-V°, there are two angles ( ^ ) between one decay 
plane and the plane containing the lines of flight of both V°-particles. 

In Fig, 13, the smaller ^ is plotted vs. the larger U for each double-V° event. 
All cases are therefore constrained to lie to the right of the heavy line at 45° to 
the abscissa, and for an isotropic decay, the underlying distribution would be 
uniform. Strong anisotropy is not indicated by the data. 

Even if a polarization of V° spins should exist near the point of associated-V° 

production, interactions of the V°’s before decay could destroy the evidence of 

this polarization. Since these double~V 0, s are produced in a nucleus of a high 

atomic number, there is opportunity for V° interactions within iO" 12 cm. of their 

origin. In order to eliminate this difficulty, it would be desirable to use a pro¬ 
ducing layer of hydrogen. 


Charged V Results from the 48” Magnet Cha mbers 

by George H. Trilling 

Out of approximately 25,000 photographs obtained over two years of operation 

of a vertical array of cloud chambers placed in a magnetic field of 8000 gauss, 

a total f 83 charged V’s have been analyzed. Although these are approximately 

evenly divided between positives and negatives (40 positive, 43 negative) the 

detailed study of various properties of these decays has suggested some’remark- 
abLe asymmetries. 

Out of 24 cases yielding accurate values of P*, the momentum of the charged 
secondary in the rest system of the primary, there are 18 positives and 6 nega- 

ofTioo M '° n tr ° m the Positives, „s deviated on the assumption 

of a 500 Mev mass primary and a /a. meson secondary, is, with the exception of 

one case, consistent with a single two-body decay having P* = 232 t 8 Mev/c 

The errors of measurement are sufficiently large, however, that any combination 
of decays with P* between 200 and 240 Mpv/r X n 

With that stated above cannot be told L ‘ VT" “ 

appropriate combination ot ,h. toU^de^T 

P * = 206 Mev/c 

Kt-fd (p P * = 220 Mev/c 

^ + P* = 236 Mev/c 
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The one exceptional case has a value of P* equal to 142 ± 11 Mev/c if a 
secondary is assumed, and 150 t 11 if a 'TV secondary is assumed. These figure 
seem too high to interpret the case as an example of the decay: 



+ zrr° 


and it appears more likely that it is an example of the decay: 

K + —^ + 2 neutrals 
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This decay scheme may also be the source of some of the higher values of P*, 
though the width of the P* distribution is much too narrow to interpret all the 
cases in this way. 

The P* distribution for the six negatives is consistent with a single value, 
namely ZOO “t 10 Mev/c. This result might suggest the existence of the decay: 

'TT~ + TT° P* = Z06 Mev/c 

The small number of cases involved here, however, makes any conclusion 
concerning their P* distribution very tentative. 

Information concerning lifetimes was obtained by measuring values of X/D 
for each decay, where X is the actual decay distance, and D is the potential decay 
distance. The results obtained for the mean values of X/D for both positives and 
negatives are: 

Positives: ^X/D'S = 0.54 ± .05 (34 cases) 

Negatives: <X/D> = 0.33 t .05 (30 cases) 

The errors quoted above are standard deviations calculated on the assump¬ 
tion that X/D is uniformly distributed. These figures tend to indicate that the 
negative charged V*s contain a very short-lived component ( 'C' ^ 10”^ seconds). 

It seems very unlikely, however, that all the negatives have this lifetime; some 
of the slow events for which P* is obtainable have times of flight which are much 
too long to be consistent with such a short lifetime. The transverse momentum 
distribution of those events with the shortest times of flight has been studied to 
derive some information concerning the decay energies of the short-lived nega¬ 
tives (because of the short primary track lengths it was impossible to measure 
P* directly). This study suggests that these events undergo a two-body decay 
with a value of P* equal to Z01 t 1Z Mev/c. 
with the value obtained from 
the direct measurement of 
P* for the six slow long- 
lived cases discussed pre¬ 
viously, though the lifetime 
certainly suggests that 

these two groups of negative 13a 

decays are not the same. 

Since the primaries are so 
short that no momentum 
measurement on them is 
possible, no information 
concerning the primary 
mass can be obtained for 
these events. One possible 
interpretation is that they 
are hyperons of the type 


This result is completely consistent 
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already observed in photo¬ 
graphic emulsions: 

% nr + n 

Q = 1Z5 t 12 Mev; 

but any other interpretation 
which gives a value of P* 
consistent with Z01 i 1Z 
Mev/c is, as far as the 
decay dynamics are con¬ 
cerned, equally satisfac¬ 
tory. 

Discussion : Rossi. 

In the MIT experiments we 
looked for correlation be¬ 
tween the plans of produc¬ 
tion and decay of V° (see 
Fig. 13a 3Z cases were exam¬ 
ined. Z6 were identified as 
A ° and the other 6 could 
be either & ° or A°. No 
correlation was found. 
Reynolds. No correlation 
was found at Princeton be¬ 
tween the production and 
decay plane of V°. In 
events with two V°'s the 
angles between each of two 
decay planes and the plane 
of flight, (containing the two 
lines of flight) were meas¬ 
ured and the larger angle 
was plotted against the 
smaller one. (See Fig. 14). 

It seems that the points 
are grouped in the lower 
part of the plan. Thompson 
remarked that one has to 
remember that these cases 
were observed in heavy 
nuclei. These experiments 
should be done in hydrogen. 
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Fretter described measurements in a magnetic cloud chamber. The ioniza¬ 
tion in this chamber was measured by drop counting. The masses obtained in 
this way are plotted in Fig. 15. They found 8 positive particles which passed 
through the chamber and did not decay. These particles had masses between 
800 and 1000 Me. The average mass was 9Z0 t 21 Me. They believe that these 
are K^c particles. Three positive and one negative particles were observed in 
the mass range of 1200 to 1300 Me. In order to find the significance of these par¬ 
ticles, the mass distribution of 1000 protons which were found in the same time 
was plotted. The proton tail was extended down to 1Z00 Me and one would expect 
to get l/Z a particle around 1Z00. Assuming that the three positive particles of 
1Z00 were protons it was somewhat unusual to find 3 particles instead of l/Z at 
the end of the tail. They had also some difficulties with a ''tf meson whose 
measured mass was extended within the experimental error up to 1300 Me. So, 
Fretter did not insist at all on these particles of 1Z00 Me, they could be either 
the tail of the proton or the tail of the 'Tr meson distributions. The negative par¬ 
ticle had a mass of 1Z00 i 105 Me and it could be explained as a mass fluctuation 
around the 't value. He did not think that there was in existence a particle of 
1Z00 Me. Some measurements were done on particles decaying in flight. One 
was a ''t meson. The average mass of 5 positive particles decaying in flight was 
975 ± 58 (* 33 Me for systematic error). (See Table VI) They also observed a 
negative particle which definitely was not a hyperon, of mass just above 1100 Me. 
The P*’s of some V’s are given in Table VI. 
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Table VI 


He concluded by reporting on two negative hyperons. The P* for the two 
cases were calculated on two different assumptions for the identity of the charged 
secondaries If the charged secondaries were U *s the P* will be 222+^0 for t h e 

'?!S f ,[ -,>° , * ' !5u nd ' I,th ' secondaries were tf •» th. _17 p. will 

w»h th ; P. of 2 00 wM h 'I" lh ' " C °" d - B °‘ h » a S ree ment 

with the P* of ZOO Which corresponded to the decay scheme Y“ -i 


7 T~ + n. 
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V* p. DISTRIBUTIONS 


p «'NCf T ON OAM 
i 


V“ P, DISTRIBUTIONS 


tc* oita 
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Thompson talked briefly on the work done by the Indiana group* They had by 
now four anomalous cases of 5 two new since the last conference in Rochester. 
The Q values of the two new cases if one assumed V°—> 2 If were 71 ± 2 and 
40 Mev respectively. The new Q value for the normal was 213.9 ± 3 Mev 
Mr. Burwell deduced from the dynamics of the© ° decay that on 99% confidence 
level the two decay products are pions. Dr. Kim carried out an analysis on the 
V- events. He found a slight asymmetry in the transverse momentum distribu¬ 
tion of V and V~ events. The distribution of the V + ’s suggested a 2 body decay. 

In three cases of slow V + 

the Pp’s were 219- 6, 223 
± 5 and 225 t 15 Mev with 
a mean value of 220 - 15 
Mev. The distribution of 
Pp’s of the V-’s events 
suggested a three body de¬ 
cay. Another asymmetry 
in the V + ’s and V “ * s events 
was found in the distribu¬ 
tion of their decay points 
in the chamber. The posi¬ 
tive V’s decayed uniformly 
throughout the chamber. 

The lifetime of the V" is 
less than 10“9 sec. Ques¬ 
tion by Rossi: Could some 
of the negative V’s be hyper- 
ons ? Thompson: Yes. 
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Reynolds reported on the 


14 cases 


Princeton group work which 
was done with a double cloud 
chamber similar to the one 
of the Paris group. They 
have found so far 47 charged 
V particles of which 23 were 
positive, 22 were negative, 
and two were unidentified. 

The last two were too fast. 

In the same runs they detect¬ 
ed about 300 neutral V’s. 

Among the 23 positive V’s, 
one was a positive ^ . In 
the same time they identi- 160 

fied a hyperon with a p* of 
17 0 ± 75 Mev assuming a 
decay scheme Y + -2>'7T* t ’+ n. 

*J. R. Burrwell, R. W. Huggett and Y. B. Kim 
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Of the remaining, in 16 
cases momentum 
measurements were 
carried out. In 15 out 
of 16 the P'p was meas¬ 
ured with a probable 
error smaller than 15%.- 
(Fig. 16) In 14 cases 
out of the 15, the P* was 
measured with a prob¬ 
able error smaller than 
20%. (Figs. 17 and 18) 
Among the 22 negative 
V’s they found one case 
of negative 
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100 
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Mev/c —► 


Fig. 18 


300 


350 



A° >Tf 


± ^ MEV 


17 cases among the V" had P^ measured with probable error less than 15% and 
8 had P* measured better than 20%. The ratio of positive to negative fast V’s 
with momentum greater than 500 Mev was one. The same ratio for the slow V’s 
(momentum below 500 Mev) was two. The average momentum of the positive 
V’s was 570 Mev. 1 he average momentum of the negative V’s was 750 Mev. The 
positive V particles were analyzed on the assumption of a primary mass of 965 
Me and a secondary. The average P* obtained in this way was 221 t. 6 with 
internal error t 6 and external error of t 5. If the same V particles were 
analyzed on a basis of a primary of 914 Me and a /X secondary, the average P* 
of the group would be 220 t 6 Mev. In calculating the average P*, cases which 
were definitely not decays were omitted. One of the cases which was omit¬ 

ted was a case compatible with the alternative decay of the meson. Another 
one was a case with a 7T secondary. Moreover in the average they did not in¬ 
clude a very good case where the secondary went back into the magnetic cham¬ 
ber. The P* for this individual case was 221 +£.§ Mev. This corresponded to a 
range of 70.5 ± 2.5 grams in copper. They analyzed the negative V’s on the 
basis of V- decays into a fT secondary. The average P* was 229 ± 10 Mev. 
Calculated with this value, the primary mass was 1050 + 60 Me. In the V“ group 
no identified hyperon was found. The P T distribution of the positive V’s is con¬ 
sistent with a 2 body decay. However, the P T distribution of the negative V’s 
indicated a 3 body decay, but the distribution of P* of V”s consistent with a two 
body decay. This would reflect on the angular distribution of the secondaries in 
the center of mass system of the V" particles. In the case of the V + ’s the 
angular distribution in C.M.S. was uniform, while in the case of the V’s the 
secondaries in the center of mass system favored the backward direction 
(Fig. 19) This explained the difference in the P T distribution between the nega¬ 
tive and the positive V’s. He concluded by reporting on the experiment of 
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Mr. Robinson. 

This experiment was 
an attempt to measure the 
lifetime of secondaries 
produced in nuclear inter¬ 
action, by measuring 
delayed coincidences be¬ 
tween a Cerinkov radiator 
and liquid scintillator de¬ 
tectors. The results ob¬ 
tained so far indicated a 
lifetime of 10"® sec. in 
agreement with the results 
of Mezzethi and Keuffel 
with similar equipment. 

(Fig. 20) 

Shutt reported on some 
results obtained by the 
Brookhaven Cloud Chamber 
Group. They studied the 
reaction: V ~ + P -> Y + K 
with the 1.4 Bev if ~ beam 
in a hydrogen diffusion 
cloud chamber. Nine cases 
were observed altogether. 

In six cases the products 
of the P + *If ~ reaction were 
neutral particles. In one 
case, both a f\ ° and a K° 
were found. Using the known 
A° mass, the mass of the 
K° particle was 517 i 20 
Mev, in agreement with the 
value obtained by Thompson 
for O °, m^o = 494 Mev. 

In three cases only, Y°'s 
were found, probably A °*s. 

If indeed they were A°’ s . 
the masses of the associ¬ 
ated K°*s were 650 t 70, 

6Z0 ± 70 and 670 t 70 Mev, 
all too big for masses. 

In the last two cases prob¬ 
ably ^°’s were observed. 
The masses of the /\°*s 
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calculated from the dynamics of these cases were 1023 - 150, 1310 - 90 compared 
with M ^ 0 = 1107 Mev. One of the three cases with charged products was a nega¬ 
tive Y decay, probably a 5 The known mass of this particle is 1185 Mev; 
the mass of the K deduced in this reaction was 510 t 50 Mev. The other two 
charged cases yielded Y^. If they were the masses of the associated 

particles were 560 i 80 and 520 t 30. In most of the cases, it was impossible 
to fit the particle with the experimental data. As for the cases in which 

either the mass of the assumed Y or the assumed K were heavier than the masses 
of known particles, one may argue that they indeed represent heavier particles, 
which is unlikely. Another way is to assume that in the reaction A~ + P, y 
rays were produced together with the K + Y pair, or instead of a K°, 2 7T°’s were 
produced. A different explanation could be that the /\ ° was not produced directly 
but first a was produced which decayed rapidly according to ^ 

(as predicted by Gell-Mann). With the ° assumption, all the cases could be 
fitted with the known masses of the observed heavy unstable particles. Altogether 
the data are consistent with the assumption of associated production. The cross 
section for the production of heavy unstable particles in 1.4 Bev-proton collisions 
is about 0.9 mb. 

He continued by reporting some observations on the angular correlation in the 
production of heavy unstable particles. 1. The angle between the production 
plane (the plane which contains the incoming Jf~ and the line of flight of the heavy 
unstable particle) and the decay plane, were measured for all cases. The re¬ 
sults are shown in Table Vll and may indicate that the hyperons have a high spin 
value. 


Table VII 


Particle 



Angles Between Production and 
Decay Planes 

5° 30° 27° 38° 

7 * 20 ° 10 ® 


Remarks 

small angles 
2140° are 
favored 



no correlation 


2. The angle between the direction of the nucleon which originated in hyperon 
decay in the rest system of the hyperon, and the direction of the incoming 7T-. 


Table VIII 

Angles between the nucleon and the 7T~ in the hyperons CMS 

/°7 19 151 115 

77 46 28 


Particle 

A* 

r ± 
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No strong tendency of correlation is indicated in Table VIII. 3. 
tween the direction of the hyperon in the rest system of P + / JT ~ 
of the incoming 7T". 

Table IX 


The angle be- 
and the direction 


Partic le 


Angles between the hyperon and the incoming/jf in the^f” + p CMS 


141 125 174 160 152 82 

Y' 30 11 110 

Table IX suggested that the A ° went backwards in the P + ~ rest system. 

He concluded by reporting on heavy unstable particles produced by protons 
and neutrons. At Z.7 Bev, in only two cases out of ZOO collisions, heavy unstable 
particles were observed in a p-p reaction, in agreement with the yield obtained 
for V + p reaction in this range of energy (available in center-of-mass system) 
The numbers of V" particles produced in the steel walls of the cloud chamber by 
protons and neutrons as function of energy are given in Table X. 

Table X 


160 


15Z 


8Z 


Partic le 
P 
P 
N 
N 


Energy (Bev) 
1.5 
Z.7 

N 1 l -5; E n = U 


No. of V’s observed 
None 
Z.7 


N E^ I 1.5; E n = l.l None 

N E N t Z.Z; E n = 1.7 7 

The data of Table X suggest a threshold near 1.5 Bev for production of heavy un¬ 
stable particles by nucleons in steel. This threshold indicates that montly Y -j- K 
particles are produced together, and not Y or K particles alone, or Y + Y pairs. 
This agrees with the results of Collins and Ridgway. 

Walker discussed two cases of 7T “ + p —^ A ° + ^°. The energies of the 
negative rT-'s were, in the two cases, 1 Bev. These cases were observed in the 
Brookhaven hydrogen cloud chamber. The observed data are summarized in 

Table XI. 


Table XI 


event 

Opening 

angles 

<Pa 

Qa 



p * 

P * 

P A +p e 

I 

Z1 

11 

37^ 6 

ZOO ± 

13 

.745 

.44 

1.15 ± .05 

II 

35 

ZZ 

43 ± 5 

195 ± 

ZO 

.710 

.537 

1.09 ± .05 
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The momenta of the two incoming negative 7f mesons were 1.1 Bev. Assuming 
two body decays for the /\ P + TT + Q/^ and the ^ ° -> + 7T + Q <3 > 

the respective Q values are tabulated in Table XI. Now with the correct Q values 
for the A° and the & ° decays the respective momenta p A , p 0 and their sum 
P + P were calculated for the two cases. There is an obvious inconsistency 

hSr /-v 

here between the two cases. In the first case both the A ° and the ^ are pro¬ 
duced in smaller angles, than in the second case. The results in Table XI were 
obtained by using only the conservation of momentum. Next he applied the con¬ 
servation of energy to the two events assuming that the A° is indeed a A ° 
produced directly and by assuming a reaction TK” + P A° + &°, the Q values 

of the &° for the two cases were calculated. The results are 309 - 3 Mev, 

ZZ6 t 6 Mev for the Q values of p° in the respective cases. The first Q value 
is inconsistent with the known Q value of the & °. The whole argument depends 
on the l.l Bev momentum of the incoming IT*'s. Another attempt was made by 
assuming the correct value of the ’s and calculating the Q values for the 
\°'s, If this was done the second case was consistent with the known Q value 
of /\° but for the first case a Q value of 117 t 3 Mev was obtained for the A °. 
The unbalance in momenta in the reaction is of the order of 50 Mev and the un¬ 
balance in energy is of the same order. This.can be interpreted as a production 
of photon together with the A °» or it could be that a jg. 0 + were produced 
together and the latter decayed rapidly into a A ° + ^ . 

Question by Thompson. Can some uncertainty in the beam momenta press 
down the momentum to fit case 1 with known Q values or did it indicate that 
the A ° is a secondary of a heavier short-lived particle which was produced in 
the P + 7T - reaction? Answer by Walker. In order that case 1 would be con¬ 
sistent with the reaction P + TT" ° + <£> 0 , the momentum of the TT “ should 

be 950 Mev and this was outside three times the probable error of the beam. 


Lederman reported on a work done by E. T. Booth, H. Blumenfeld, 

W. Chinowsky and himself, with the 36” expansion cloud chamber at Brookhaven. 

In the cloud chamber they put two thin carbon plates (Z gr. Cm" Z ) and two thin 

(7 gr. Cm" Z ) lead plates. The cloud chamber was exposed to the Z Bev IX Beam, 

in a 10,000 gauss magnetic field. They were looking for incident pions on the 

carbon or lead plates which interacted and produced unstable particles. The fol¬ 
lowing table was obtained. 

Table XII 


origin 
partic le 


Eucite 

Wall 


4 gr. cm 
carbon 



-Z 

14 gr. cm” total 
of lead 


5 

e° o 

V i o 

Unidentified 1 

6 


10 

9 

Z4 

7 

Z 

9 

1(?) 


5 

0 

J2(+) 

4 

18 

18 



T otal 
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The table includes two cases of associated A ° and <^° events, both cases in 
carbon. The mean free path for production of unstable particles in lead was 3.5 
that for carbon. Even when allowance was made for the attenuation of the pion 
wave inside the carbon nucleus (worked out by Jastrow) the results suggested 
that the larger lead nucleus in some way could absorb unstable particles. The 
conclusion was not firm because of (1) insufficient statistics and (2) incomplete 
knowledge of the observational efficiency. The efficiency for observing two 
associated V° particles is quite high. Whenever one particle was seen a very 
careful search was made for the other one. The angular distribution of the A ’s 
is striking. In the center of mass system, assuming the struck nucleon was at 
rest, all the A °’s were produced at angles larger than 120°. In the lab system 
this showed up as very low energy A °' s * 0.2 ^ (^A° — 0.6. with a peak at 

(3 = .35. Either they were missing fast A °*s which were harder to see or they 
were not using the proper C.M. system. Correcting for the Fermi momenta did 
not help very much. One definite case of a negative K of mass 506 Mev was 
observed. The p**s of all V- events were consistent with a 220 Mev value on 
the assumption of a 7T meson secondary. The observed cases had p*’s of 
(l) P* = 238 ± 20; (2) ^218‘Mev and (3) P* ^210 Mev. 

Goldhaber reported on some work done at Berkeley using the Bevatron beam. 
The exposed nuclear plates were placed in three positions: (l) at 90° to the beam 
direction, about 10 inches from the target. The particles observed in this ex¬ 
posure travelled 10“ 9 sec. before they came to rest in the emulsion. (2) at 135° 
to the beam and, (3) in the direct beam. The data concerned K and tr mesons 
found in these exposures and is given in Tables XIII, XIV. The average mass 
for 22 K particles (not all shown in Table XIV) was 936 t 10 Me. 

Table XIII 

A was observed by Chupp, Goldhaber, Goldsack, Eannutti, Smith and Webb. 

B was observed by The Richman Group. 

C was observed by Dr. H. H eckman 



Geometry 
of Emosure 

Ener, c r 

• ^ 

Bev 

Protons 

Pions 

TT* TT 

K 



Direct 

Beam 

4.8 


104 89 

3 

0 


ii 

ii 

5.7 

—— 

267 2 67 

5 

1 (+ 2 ) 

A 

on° 

well 

4.8 

3000 

590 420 

ll 

1 


w 

II 

ii 

6.1 

3900 

542 961 

12 _ 

1 

B 

135° 

well 

4.8 

3800 


2 

0 (+ 2 ) 

r\ 

Q 0 ° 

well 

4. 8 

2075 

208 114 70 

3 

0 (+<~) 

f 

II 

ii 

66 1 

2075 

716 238 121 

13 

1 
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Table XXIV 


K Particles Produced by 4«d Bev Protons 


Mas 3 

Secondary 


Particle I-R 

Const. Sagitta pp 

b/b D 

Dip Angle 

1010 ± 30 

S95 ± 230 


28° 

K *, 

700 ± 180 i rf q ± 25 

0.89 ± 0.04 

0° A*(tt) 

K 3 815 t 70 

940 ±250 


44° 

K 4 )34 ± 30 

880 ± 230 ± 20 

1.14 ± 0.06 

4.5° 7 r{p.) 

K 5 962 ± 30 

8 b 0 ± 200 150 ± 30 

~ 1 

26 ° 

947 ± 100 

1460 ± 370 


56° 

876 ± 40 

1010 ± 280 56 ± a 

1 

0.968 ± 0.04 

0 ° electron 

K 10 620 ± 60 

i 


17° 

K 11 ?75 ± 50 

^-320 ± 350 No secondary found 


In four cases the secondary particles were long enough for measurements. The 
fourth case, K 8, is a case of a K decaying into an electron. Direct mass 
measurements on the secondary show that in terms of the masses of the already 
known particles, its mass is consistent with that of an electron. Supporting evi¬ 
dence is given in Fig. 21 where the P (3 of the secondary is plotted against its 
range. In the same Figure the P p range curves of a ^ meson and an electron 
are plotted, and it is quite clear that the measurements on the secondary of K 8 
followed the electron curve. The P <f* of the electron at production is 56 + 8 
Mev and it is reduced to 10 Mev after traveling 17 millimeters of emulsion The 

m ?mm !f me ° Ut tQ be 876 * 40 Me b y ^nization range measurements, 

and 1010 280 by the constant Sagitta method and it is -consistent with the 

mass. Then he made a comment on the K-e decays reported so far. The three 

cases of Bristol had energies of 90. 60 and 80 Mev. The Berkeley case is 58 

Mev and another case of 110 Mev K-e decay found by Dr. Beckmann at Berkeley 

6 ® nei y S P eC J tra j ° f the electrons correspond rather to a three body decay 
n o a wo ody decay, and it could be either K -^e + 2 ^ or K -5>e + P ■+ V° 

In any case the electron spectrum will go up to energies of 2 00 Mev. Due to ' 
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observational difficulties, one can only identify electrons below 100 Mev. Because 
of this reason quite a lot of K electron cases are missed and Goldhaber believes 
that the K electron decays are appreciable fraction of ail K particles; one should 
find some evidence for the K electron decay in cloud chambers. The numbers of 
different K particles found in the different exposures and the numbers of 'TT's 
found in the same scans are given in Table XIV. 

Question by Salant. In what emulsion volume did you find these events? 

Answer by Goldhaber. 30 positive K*s and 5 'fcT’s were found in 3 Cm^ of emul¬ 
sion . 


re 


o. 



Fig. 21 


Kaplan reported on the work done by Klarmann, Yekutieli and himself at 
Rochester. Two cases of K electron decays were found in stripped emulsions 
exposed to the cosmic radiation at high altitudes. In both cases, the K particles 
came from stars in the same block of emulsions. The measured mass of the 
first case was consistent with the ^mass. The secondary had an ionization of 
(1.06 ± .2) x I plat, and P (i of 20 ± 5 Mev. This track disappeared completely 
in the emulsion after traveling 400 microns which could possibly be a case of a 
positron annihilated in flight. The secondary in the second event is 3.6 centi¬ 
meters long. The track was divided into 5 segments along which the ionization 
and the p of the secondary were measured as functions of its range, (see 

Table XV) Table XV 


Segment 

1 

Z 

3 

4 

5 


1* 

P fi ° 

R( cm 

0.96 ± .03 

261 t 34 

.42 

0.955+ .04 

226 t 35 

1.14 

1 .02 ± .04 

192 t 27 

1 .76 

0.96 ± .04 

167 + 22 

2.47 

1.01 t .04 

151 t 27 

3.23 
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On the assumption that this secondary was indeed a /a with average 
p (3 = 261 i 34 the lower limit for the mass of the K-particle would be 1120 il20 
Me. On the other hand, if the secondary is an electron with p^3 = 261 t 34 Mev, 
then = 1025 "t 70. Direct mass measurements on the K-particle gave 

= 916 ± 89. One could stretch this particle to be a yU. meson, which was 
rather unlikely. However, the energy loss from 261 ± 34 to 151 ± 22 Mev along 
3.6 centimeters and the lower limit on the mass were much more consistent 
with an electron. 


Salant reported on observations on negative and positive K-particles produced 
by the Cosmotron. The results on the V" particles are summarized in the fol¬ 
lowing paper. 


Capture of Negative K Mesons 

by 

J. Hornbostel and E. O. Salant 
Brookhaven National Laboratory 
Upton, Long Island, New York 


This report deals with observations of tracks and stars produced by magnet¬ 
ically selected negative K mesons, in an arrangement essentially the same as 
previously reported . 1 - 2 In the work now under discussion, the Be target was 
bombarded by 2.8 Bev protons, and the stack of stripped emulsions now receives 
a collimated beam of negative particles of momentum 316 Mev/c (average spread 
t 8 Mev/c) emitted from the target at 4 ° to the proton beam. 

Each emulsion was scanned, near its edge through which the beam entered, 

for tracks of the beam direction (within ± 1 °) and of about twice minimum grain 

density, appropriate to the K mesons. All such tracks were then followed to 
their ends. 

In this way, 13 stars made by K“ mesons at the end of their range were found- 
3 stars made by K" mesons in flight were found in 58 cm of K-meson track 
followed. Therefore, the K~ mean free path for star-producing collisions approx¬ 
imately equals the geometric mean free path of emulsion (27 cm) 

The flux of K- mesons relative to that of 7T ~ mesons in the emulsions (bea 
tracks of minimum grain density, g min ) was 2 x 10 - 5 . The mass of each K - 

particle, from preliminary measurements of momentum vs. range, in some 
cases of grain count vs. range and, for K mesons producing stars in flight, of 
cattering vs. grain count, was consistent with the tau mass within about 10 % 

In five K stars, described in Table XVI and, for four cases, in Fig 22 a ' 
charged unstable heavy particle (UHP) is emitted. The other K~ stars'sho’w 1 to 

Dion a o V f y Z 7 o n o 8 S M and ’ “Yu 1 bUt tW ° CaSeS ‘ 3 Single U § ht trac *k consistent with a 

the 500 Mev av^labt^ T ~ 3 °° MeV ’ suff -iently less than 

Mev available to allow the poss ibility of /\ ° emission.3 l n all of the 

2 J Hornbos? 1 , and ,v o ^ Am ’ Ph ^- Soc - *<>. No. 1, 63 (l 9 55) 

3 ' bostel and E. O. Salant, Phys. Rev, 93, 902 ( 1954 ). 

erbert DeStaebler, Jr., Phys. Rev. 95 , 1110^1954). 


m 
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K stars, the light tracks are consistent with L mesons and, in some cases, with 
electrons, but, for reasons of energy balance, not with protons. Their energies 
were estimated on the assumption that they are pions. 

In Fig.. ZZ, tracks (1) are due to K" coming to rest at S, tracks (Z) to the UHP, 
tracks (3) to light particles emerging from the end of tracks (Z) at P, tracks(5) 
to light particles from S, and tracks (4) and (6)-(ll) to stable particles. 

In star NK8, particle (Z) comes to rest at P. From scattering and range, its 
mass is’(0.7 ^Q'^Jrrip. The energy of particle 
pion from the charged hyperon 5* + (Q = 117 Mev). Accordingly, the K capture at 
S can be described by the scheme 

K" + p —> ^ + + T“ 


(3) is consistent with that of a 


The momenta of the hyperon and pion balance in amount, within the errors of 
measurement, and their departure from collinearity is easily explained by nuclear 
recoil. 

Star NK1 resembles NK8. It differs in that the scattering indicates that par¬ 
ticle (Z) has probably not come to rest at P but decays in flight and has an aver¬ 
age kinetic energy of about 30 Mev. Because of saturated grain count, it is a 

heavy particle, probably a free ^ - , though possibly bound. 

In NK5, particle (3) is an 18 Mev -Tr~ , making a <J~ star. Particle (2) comes 
to rest at P; its mass, from scattering and range, is (2.6 _j -4 ) rn p* H ® v ent 
at P is a decay, the UHP could not be D* or T* (since they would not yield the 
pattern observed at P), but could be He 4 * or H4*. with a bound A°; decay pro¬ 
ducts could be 3p + n + 7T" + 27 Mev, 4 - 5 or, for example, He 3 + n + 7r~ + 33 Mev 
(assuming 3 Mev for A ° binding), respectively. In any case, one or more 
neutrons must take up the residual energy and balance momenta of particles (3) 

and (4). Alternatively, the UHP could be , captured at P. 

In star NK4, particle (2) gives a track (2.85 ± 0.08)g min over its entire path. 
The grain count itself of course makes the particle singly charged; by assuming 
that the maximum variation allowed by uncertainty in grain count is caused by 
slowing of the particle, we find that its mass is at least as great as the mass of 
a hyperon. Emulsion distortion unfortunately prevents any conclusion from 
scattering except that the particle is heavier than a proton. Its kinetic energy is 
0.1 its rest energy; hence momentum and energy can be balanced at S by a 
neutron (^100 Mev), if the UHP is S ± , by nuclear recoil if it is D*. but not at 
all if it is T*.l Particle (Z) produces in flight the backward track (3), ^ 

p* i 100 Mev'/c, l.l g min . If particle (3) is a pion from free decay of Y , then 
Q = Z 50 1^0 Mev, an unknown value; decay into a muon or electron, likewise un- 
known, would be compatible with the data. Alternatively, the UHP could be 
making a zero-pronged star in flight (for which the probability ^ 10 ) and dec y- 

ing at rest; this would not conform to theoretical schemes. 


4 Hill, Salant, Widgoff, Osborne, Pevsner, Ritson, Crussard, and Walker, 

Rev. 94, 797 (1954). , ..q,., 

5 Naugle, Ney, Freier, and Cheston, Phys. Rev. 96, 1383 (1984;. 

6 M. Gell-Mann, M. Goldhaber, private communications. 
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TABLE XVI 

Characteristics of K“-capture starx with unstable heavy particle emission. F = 
star made in flight; (a) possibly bound; (b) particle present, unanalyzed; (c) high 
energies have no upper limits; (d) high energies were calculated for pions. Errors 
include both statistical and systematic uncertainties. 
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Energy 
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Figure ZZ 

Drawings of K”-capture stars. (1) incoming K” meson (Z) unstable heavy particle; 
(3) light secondary particle; (5) light particle; (4), (6) —(11) stable particles, x = 
stops in emulsion. Angles are in space. 
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Harris reported on K particles found in nuclear emulsions. The plates were 
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exposed to the internal proton beam of the Brookhaven Cosmotron with the geo¬ 
metries shown in Fig. 23. The plates 

were area scanned and the ends of all 

stopping tracks were examined. 

A number of K type mesons were 
found as listed in Table XVII. The num¬ 
bers in Table XVII give the relative fre¬ 
quency of Ke (K meson stopping with a 
lightly ionizing secondary) to 'X, to K“. 

The ratio of K mesons to TT - me- 
sons is about k/lt t ''■'1/200 for plates 
exposed to the 3 Bev proton beam. It 
is not meaningful to compare the K/ / Tt' t 
ratios for the different exposures because 
of the difference in angle and energy of 
emission of the K mesons in the differ¬ 
ent geometries. 
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Table XVII 


2.2 Bev Protons 
Scheme I 

6 

0 

0 


3 Bev Protons 
Scheme I 

18 

1 

0 


3 Bev Protons 
Scheme II 

8 

0 

0 


rs —;,r 

The points are spread between P 0 C = 130 mev 250 m TuT 6mulsions - 

This spread does not indicate the presence of a s , " A mi " = 1 " U8 ‘ 

secondary such as from the K~ or the K Th^ SPe , C16S ° f mon °energetic 

tent with a mixture of these tw^types of ^c'ondJr^ s ^ COnsis ~ 

electrons from a Ke 3 decay or melons fr^ma^ ** P ° SSibi1 ^ of 
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Fig. 24 


Fryreported on hyperfragmenis in nuclear emulsions. A systematic search 

been made for hyperfragments in photographic emulsion. The details of the 
experiment are given in Table XVIII. 


Table XVIII 

Production of Hyperfragments 


Source 

Cosmic rays 

3 Bev Protons 
(Cosmotron) 

1.5 Bev nr' r ~ 

(C osmotr on) 


Total number 
of stars 

9,000 

20,000 


Stars with 
hyper fragments 

7 

21 


500 


1 
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Nuc leus 



Table XIX 


Binding energy of A ° 

Binding of 
/\° P a rticle 

5.9 ± 1 \ or 

3.9 ± 1/ 

5.9 t 8 

3.7 i 3\ or 

-0.7 i 3 ' 

13 ±6 


articles 

Binding of 
last neutron 

7.7 

20.6 

9.8 

18.9 

1.7 

12.1 


Most of the cases were consistent with a A ° bound fragment. Fry described 
briefly some of the events from which the finding energy of the A o could be de _ 

rived. Some examples are given in table XIX. These cases are consistent with 
the A °^ound fragment. In two cases the analysis of the fragments show that the 
bound heavy unstable particle has a Q value higher than that of the A ° The first 
case was a fragment which was produced by 3 Bev proton. The fragment de¬ 
cayed into a fast proton of 180 t 40 mev which made a Q value too high for the 

ordinary ° bound fragment. Another case of this kind was found among cos- 
rruc ray stars. 3 * 5 


S hapir o reported on work done in collaboration with N. Seeman and B Stiller 
of the Nucleonics Division, Naval Research Laboratory 

Following a balloon flight l 0 o N of the geomagnetic equator, we have been 
analyzing the tracks of stopped charged particles of mass exceeding that of the 
Pion, and which decay or interact. The tracks were observed in two stacks of 

STVtr f XPOSe J f ° r SiX h ° UrS at a 30 km altitude. One stack con¬ 
sisted of pellicles alone, 46 Ilford G.5 emulsions each 6" x 5 " , 600^ thick The 

a ‘me C so t ^ 6mulSi ° nS Set inside iron and paraffin block designed as 

a meson generator. & cu a ^ 

3 of^r her ’ at , NRL * ^ kave observed 19 stopped K-meson tracks. The first 
3 of these in ordinary stacks, were of limited length, a few thousand microns 

they were due to one tau meson and 2 K-particles with a single fast secondarv' 

The other 16 examples, which will be du r C ndar y* 

stacks, in which the loig ranges ruLta'nt' ' We " '° Und *" ^ "‘'‘PPed 

the available scattering and ioniiation dfti TmT ""‘"T* 6 * 8 ”,' r * *' 1 >' increase 

8 i°n data - Thirty cm 3 of emulsion were scanned 
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with oil objectives. 

Nine of the 16 K mesons originate in observable stars, all occurring in the un¬ 
covered stack. Two also terminate in stars, and are attributable to negative K 
mesons. Two others have one L-meson (it or^ ) secondary of about ZO Mev each 
and may be interpreted in one of two ways: either as charged tau decaying into 
a charged pion and 2 neutral pions, or as the 3 -body decay of a kappa with a 
muon secondary. Then there is a tau decay in which all three pion secondaries 
terminate in the stack. The tau is positively charged. This is the most recent 
of the K mesons to be found, and it has not yet been fully measured or analyzed. 

For 13 of our 19 stopped K mesons, there is a single charged-secondary track 
having a grain density close to the ionization plateau. (This is true of 11 out of 
16 in the equatorial flight.) The corresponding velocities exclude the interpreta¬ 
tion of these S events by the alternate mode of tau decay. Most of the primary 
tracks are sufficiently long so that Z or more of the following methods of mass 
determination were applied: scattering vs. range, mean gap length vs. range, and 
grain density vs. range. The highest statistical precision was obtained with the 
last of these methods, the next highest with the gap method, and the lowest with 
scattering. A fourth method, constant-cell scattering vs. grain density, was used 
only in the fast portions of K-tracks to make sure that no errors had occurred in 
following a K track from emulsion to emulsion through a stack. 

The stack surrounded by iron and paraffin served its intended function as a K- 
meson generator, yielding nearly 5 times as many stopped K mesons per unit of 
scanned volume as the stack without surrounding material. Moreover, the ratio 
of stopped K’s/rr’s was twice as large in the “generator” stack. Noteworthy is 
the scarcity among our S events of charged hyperons and of tau mesons with 
three charged secondaries. Only one of the former and Z of the latter were ob¬ 
served out of a total of 19 S-events. 

The stars from which K-mesons were emitted are being searched for emer¬ 
gent charged hyperons and hyper-fragments. Thus far none have been found in 
association with the K-mesons. 

Two basic principles of mass determination provided us with three main 
sources of data. One involved scattering vs. residual range, the others em¬ 
ployed Z different indices of ionization as a function of range. 

For the method of scattering vs. range, we employed the constant sagitta 
technique. Protons were used for calibration, and corrections were made for 
dip, for the variation of the scattering parameter “K“ with cell size and velocity, 
and for the extension of data to relativistic velocities. Measurements have been 
made on 14 K tracks from the equatorial flight. The weighted mean of the masses 
is 944 t 60 electron masses. We emphasize that this error --and all others we 
shall be giving--is purely statistical and does not include possible systematic 
errors. 

Two types of ionization measurements were made--one, mainly at longer 
residual ranges, and the other at short ones where the tracks are dense. In the 
first, grain density was the index of ionization, with a convention in which blobs 
were assigned a grain density proportional to their length. This technique gave 
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F ig. 2 .5 


us the most precise values for sufficiently long tracks. The second index of 
ionization we employed was the mean gap length. The 2 methods gave concordant 
results, despite the fact that most of the calibration tracks in one case were pro- 
tons, and in the other case were pions. 

Here we have two curves showing 
the variation of grain density with 
range--one, for a group of calibra¬ 
tion pion tracks, obtained in the 
same stack, with the Chicago FM 
cyclotron through the courtesy of 
Prof. Herbert Anderson. The other 
curve is for a group of 9 K tracks. 

Each point is based on a count of 
at least 1000 grains. The mean 
mass of the K mesons turns out 
to be 908 t 28 electron masses. 

Again this error is statistical 
only. 

Here is another set of curves, 
showing mean gap length vs. range 
for K mesons and for calibration 
protons. 6 K mesons were used 
here. Each point is based on 
measurements of about 800 gaps. 

The mean mass obtained by this 
method is 893 1 34 electron masses. 

If we select the 5 flat tracks 
for which the most data were 
available, these results were ob¬ 
tained by the 3 different methods. 

It is noteworthy that of these 5 
mean values none exceeds 1000 
electron masses. 

The accompaning Table XXI 
summarizes the overall mean 
masses obtained by the 3 methods 
(S-R, g-R, and G-R). Under the 
assumption that all of these K 
mesons have the same mass, one 
can compute the weighted mean 
for all the separate mass deter¬ 
minations. This is 910 t 18 
electron masses, the error being 
purely statistical. For each 
method we have calibrated against 
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Table XX 


Mean K Masses by 3 Methods 




No. of 




Method 

T racks 

Mean 

Mass 

S- 

R 

14 

944 

+ 

60 

g" 

R 

9 

908 


28 

G- 

R 

6 

893 

+ 

34 


Table XXI 


Masses of Several K-Mesons* 

by 3 Methods 


Track 

Mean 

Mass 

Secondary 

K-l 

907 

+ 

65 

Fast 

K-6 

846 

+ 

76 

Fast 

K-8 

878 

± 

5 6 

20 Mev “L 

K-10 

902 

+ 

82 

Fast 

K-11 

937 

+ 

57 

(Star) 


*The 5 “best” tracks, i.e. those measured 
by 3 methods. 


known particles. Nevertheless, there may, of course, be a residual systematic 
error whose magnitude is unknown. 

We can conclude that our sample of K mesons is consistent with the mass of 
the well established tau meson (965 electron masses); obviously, it is also con¬ 
sistent with the possible existence of the somewhat lower mass particle (some¬ 
times called Pyc*) proposed by the Paris group of Prof. Feprince Ringuet. If we 
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make the assumption that all the K mesons in our particular cosmic ray sample 
have either the same mass or masses within less than about 3 per cent of one 
another, then it seems reasonable to conclude that one need not invoke a K meson 
of mass exceeding 1000 electron masses to account for any of the K mesons which 
we have thus far observed. Please note that this conclusion is based on an as- 

sumption--that the true masses of our collection of particles are either alike 
or within a very few per cent of one another. 


Pickup reported on work by A. Husain and E. Pickup on mass measurements 
on shower particles emerging from cosmic ray stars, the mass being determined 
by grain counting and multiple scattering measurements. With a mean resolu¬ 
tion of about 12% the mass spectrum which was shown indicated some particles 
with intermediate mass, as in the Bristol 1480 experiment. However, in this 
work, these particles were contributed mainly from the lower energy and shorter 
tracks included, for which the experimental errors are more important. A re¬ 
vision of the data since the time of the conference, excluding the shorter tracks 
and also including some further measurements, now gives no support, within 
the statistics of 10%, for postulating a group of particles with mass about 
1400 m e , and an intensity as great as about 7.5% compared with protons, such 
as was indicated by the Bristol measurements. The particles so far identified 

fall into the K meson ( 1000 m e ), proton, deuteron and triton mass groups within 
the experimental errors. 

One track from a star disappeared in flight after several mm., and it was 
tentatively identified as a K meson from the grain counting - scattering calibra¬ 
tion. It is suggested that this is a probably case of an interaction of a negative 
K-meson with hydrogen in the emulsion with the production of neutral particles. 


Schein_ described and analyzed a very narrow shower of electron pairs This 
narrow shower was found in a stack of stripped emulsions exposed to the cosmic 
radiation at very high altitudes. The shower extended along 50,000 microns of 
emulsion. The evidence for the paris to be electron-positron pairs were (1) by 
direct scattering measurement on low energy pairs. (2) No nuclear interactions 
were found along the tracks and (3) some particles disappeared in flight con¬ 
sistent with the positron anhilation. The geometric analysis of the jet showed 
that all the pairs pointed back to the same origin, 2.5 centimeters out of the 
emuision stack in the aluminum cover. The angular distribution of the pairs gave 
« - .0002 radians, the smallest value ever observed for a cosmic ray event 

the ? ° f the S Star 13 •° 03 radianS - The target diagram of the origin points' of 
the pairs was very striking. For an ordinary electromagnetic shower one would 

expect a circular target diagram. They found for their narrow shower that all 

he points on the target diagram are bounded within a narrow elipsoid (See 

, lg - 2?) - There mi § ht be a Possibility in the future to find out if a verv high ana 

t^r m0n ? 6n * Um WaS involved in th e creation of this event. In order to mefsure 
he very high energy particles in this shower they applied the method of scatter¬ 
ing a track against track. Using this method they were able to measure particles 
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of very high energy, up to 10 Bev. They did not find any pair with energy below 
,1 Bev. (See Table XXII) 


Energy Distribution + Opening Angles of Pairo. 
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«(xl0 
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(h) 
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0.7 
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6 
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7 
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1.0 

2.0 

8 
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4.0 

0.5 

9 

21395 

2.0 

1.0 

10 

23200 

10.0 

0.2 

11 

26670 

0.1 

20.0 

12.1 

26845 

2.0 

1.0 

13 
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2.0 

1.0 

14 
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3.0 

o.75 

15 
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16 
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17 
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0.4 

4.5 

18 

35395 

2.0 

1.0 

19 

36925 

1.4 

1.5 

20 

38170 

4.0 

0.5 

21 

38570 

1.4 

1.5 

22 

39200 

1.0 

2.0 

23 

42490 

3.4 

0.6 

24 

43445 

4.0 

o.5 

25 

44i45 

0.4 

4.0 

26 

47310 

4.0 

o.5 

27 

48170 

0.2 
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rad.) 


Table XXII 


(a) Distance from point where first pair enters stack. 

(b) Total energy of individual pairs. 

(c) Opening angle of individual pairs. 

Question by Oppenheimer: What is the largest transverse momentum that you 
can find? y 



Answer by Schein: This is the case of a pair with an origin at lSO^from the 
shower axis. Its transverse momentum is 10 Mev/c. 

W ataghin reported on events similar to that of Schein. The work was done in 
Turin by the Turin group: 

I want to report some remarks concerning four events observed in stacks of 
strip nuclear emulsions Ilford G 5 , V x 6'' flown at altitude at 80,00 feet. These 
events seem to belong to the same type as the one described by Schein. The 
measurements were made by Debenedetti, Garelli, Greco, Tallone, Sappia, Tirone 
and Vigone. All events contained from 12 to 24 narrow pairs of charged particles, 
probably most of them electrons with angular aperture of 10“ 4 - 10“ 3 rad. In the 
event 3 a single incident minimum ionization track is observed around which 
cluster many, but not all, pairs of electrons (one 100 Bev pair is created inside 
the stack at about 30 microns radial distance). Assuming that the pairs are pro¬ 
duced by photons one finds that the angles between the photons are also not 
greater than 10“ ^ rad. That is in the event 2 the whole angular aperture is 5 x 
10 ”4 rad. The energy of the individual paris is randomly distributed in the 
range 10 8 to 10 11 ev., total energy being 100 to 300 Bev. The radial distribution 
indicated in Table XXIII for the events l and 2 are about 20 microns. Event 2 
deserves special mention (See Table XXIIi). In this event, the first pair is lo¬ 
cated at a distance of 3.5 centimeters from the entrance in the stack and a gap 
of 2.7 centimeters was observed between the first two pairs and the remaining 
22 pairs which are produced along a path of only two centimeters (.54 radiation 
length). A more detailed analysis shows that in order to explain the production 
of these pairs by photons (in events 1 and 2) the existence of at least 3 or 4 ener¬ 
getic photons in the incident beam must be assumed. Although one should expect 
to observe in emulsion, narrow cascades of electrons and photons in the energy 
range of lO^ev., it seems that the events described above do not belong to these 
types. We are inclined to assume that a nucleonic collision (2 neutrons in events 
2) with production of a few neutral pions or heavier mesons could originate this 
showers. If all the events quoted as being of the type first observed by Schein 
belong to the same group their frequency is remarkably high. So it seems prob¬ 
ably that the energy of the primary nucleon creating the event is of the order of 
10 1Z ev. From the angular distribution we conclude that the collision process 
took place with a high angular momentum about lOOO^h . The available experi¬ 
mental data are until now insufficient to permit a fuller theoretical discussion 
of the events and to exclude the interpretation of them as usual cascade showers. 

Further measurements are in progress. 

Kaplon. I would like to make a few comments about these anomalous events 
based on the work of Mr. Koshiba here at Rochester. An attempt was made in 
emulsion to select in an unbiased way, soft showers for study by an area scan 
for groups of collimated particles with subsequent tracing. In this way, we have 
found some 50 or so showers in which 16 of E > 1 Bev appear to have their 

origin in a pair in emulsion; that is, the shower is traced back to a single elec- 
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EVENT NO.2 


Distance from 


Angle Energy 


Radial Distance the first pair 



10“3rad. 

(Bev) 

1. 

1 

10 

2. 

0.2 

55 

3. 

1 

10 

4. 

0.6 

17 

5. 

2 

4 

6 . 

10 

0.7 

7. 

20 

0.3 

8. 

25 

0.25 

9. 

1 

10 

10. 

- — - 

... 

11. 

0.4 

27 

12. 

1 

10 

13. 

0.1 

100 

14. 

25 

0.25 

15. 

1 

10 

16. 

8 

1 

17. 

0.3 

35 

18. 

0.8 

12 

19. 

50 

0.1 

20. 

3 

2 

21. 

2 

4 

22. 

50 

0.1 

23. 

<2 

>4 

24. 

<2 

>4 


y- 

Y- 

0 

mam mm mm 

0 
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1.5 

27240 

o.5 

27440 

4 

27700 

6 

30510 

10 

32990 

63 

35660 

3.5 

36420 

3 

36420 

ll 

37240 

10 

37290 

8 

39160 

19.5 

39560 

8 

41210 

8.5 

41610 

12 

42460 

8.5 

43010 

18 

A 

44-210 

14 

45460 

15.5 

45910 

22.5 

46460 

2.5 
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8.5 
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1. 

2 . 

3 . 

4. 
1 : 
l: 


Total - 

>316.7 
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10 
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2200 
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10 

2 
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10 
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0.7 
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9. 

0.6 
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17 

29 
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1 

10 

4.5 
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2 

4 

31.5 

12. 

1 

10 

4 

13. 

<1 

>10 
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8 

0.8 

15 

15/ 

100 

0.01 

43 


11820 

12160 

16560 

18670 

19500 

19850 

20000 

21000 

24500 

25400 


Total - >210.2 


Table XXIII 



1ZZ 

tron pair, while the rest enter our emulsion stack from outside either as single 
tracks or groups of tracks or have lower energy. The 16 events of E > 1 Bev 
appearing to originate in emulsion, have been analyzed and two possible anoma¬ 
lous events detected. In the process of measuring and interpreting these events, 
three things became apparent. The first is connected with the difficulty of 
making meaningful energy measurements on high energy electrons; one has to 
question quite strongly the reliance upon the opening angle as a means of measur¬ 
ing the energy. The second point is connected with the actual sampling. If we 
assume that it is difficult to place too much reliance on the energy measurements, 
then one aspect of these anomalous events is their rapid multiplication, and the 
question is, rapid with respect to what? Thus, we must know our sample. Then 
one can ask the third question, could these events be some sort of a fluctuation? 
Quite some time ago, we made a Monte Carlo calculation of 100 photon showers 
in Approximation A, keeping all electrons of energy greater than 10“ 4 times the 
initial photon energy. We found that at the end of a radiation length, there are 
indeed rather extreme fluctuations. For example, the average number of elec¬ 
trons was three, but there were 1Z with ^ 9 electrons and 5 with 14 or more elec¬ 
trons. Thus, extreme fluctuations are not too uncommon, and if the sample is 
not known, it is impossible to say anything. In our case, there exists the possi¬ 
bility of missing, in the scan, those showers which fluctuated infranormally so 
that our true sample number could quite easily be larger than those directly ob¬ 
served. (The restriction to E ) 1 Bev is an attempt to minimize this.) In our 
particular case, our anomalous events have characteristics similar to those ob¬ 
served in other laboratories. They seemingly originate from a single pair in 
emulsion, and one of them, most completely analyzed, originates 1 cm. from the 
outside edge, and seems to require (if our energy measurements are meaningful) 

5 or 6 incident high energy photons (E 10 Bev). 

I would like to make the additional point that those events which do not start 
in the emulsion, but enter the emulsion as electrons, are much more subject to 
large fluctuations due to the relatively high probability of fremmsstrahlung. To 
conclude, I just wish to emphasize the point that it is quite necessary to examine 
critically the criterion by which these events are established as being anamolous. 
One should seriously consider the possibility that these events, through a combi¬ 
nation of circumstances, may be just fluctuations in the electromagnetic cascade. 

Occhialini. As nobody from the groups of Brussels, Milan and Geneova at¬ 
tended the conference, we shall present a summary of the data obtained by these 
laboratories. This summary was sent by Prof. Occhialini. 1. Part of the work 
was directed to the calibration of the constant sagitta method. Comparison was 
made between the two methods of correction for distortion in scattering measure¬ 
ments: (a) by means of the third differences and (b) by direct geometrical correc¬ 
tion. A new aparatus was constructed which enabled one to measure the length 
of the gaps with great accuracy, and to carry out visually the measurements 
which generally were done photometrically. Z. In a 7Z cc of emulsion (6 hours of 
flight at 80,000 ft) the events which are analyzed and identified in Table XXIV 

were found. 
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Table XXIV 


The analysis of the K events included following along 40 centimeters of second¬ 
ary tracks without finding any interaction. In the same time, tracks emerged 
from the originating stars of K particles (ZOO stars) were examined and only 1 
Y—^ L decay in flight was identified. 5 CT K stars are shown on Fig. Z8. 

K1 and KZ are examples of the pro¬ 
duction of small stars.CTK3: a negative 
of 40 Mev is ejected from it. V"K4 an 
example of a production of a Y -> L de¬ 
caying in flight and an example of a 

star with a probable negatived , and an 

excited fragment. Among the excited 
fragments, the well known example of 

3 H* -> 3 He + ^ _ 




was found, the other excited fragment be 
longed to the star V K5 and it can be in¬ 
terpreted as a 4 He v with mesic decay. 

A systemic analysis of 3000 stars of Z 
prongs gave the results shown in Table 
XXV. 
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In the same volume 6 K decays and were found. 


Table XXV 
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Wednesday Morning: Elementary Particles ; J.R. Oppenheimer presiding. 
Hyper ons: 


Particle 


A” 


5 * 



Products 

Q (Mev) 

M (m e ) 

Lifetime (see.) 

p + Tf “ 

37 

2180 

3.8 ± .5 x 10“ 10 

p +y + o ? ?) 




p + IT ° 

116 

2 32 7 

>5 x 10" 10 

n + 7T+ 

110 



n + 71"- 

no 

2325 

-—;5 x 10" 10 

A° + TT- 

60 

2570 

— 10" 10 ? 


K- Me sons: 




& 


t° 


3 Tf 

ft + 2 7T° 

-> 37T + tf 

* + + rr~ 

(ir+y+ P ? ?) 

TT+ +ir- +ir° ? ? 

^TT± +7T° 




^ f P * ? 

? ?) 


75 

964 

— 5 x 10-9 

214 

963 

1.5 x 10 _l ° 
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< 10" 8 
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^952 

~10 -9 ? ? 

235-255 

920-960 

~10-8 


K 1400 


Oppenheimer opened this session by remarking that there have been two ques¬ 
tions which have been of unusually great help for us to talk over at these confer¬ 
ences. There has been on the one hand the general question of what truth there 
is, if any, in the Yukawa theory, (as to that we may have some intelligence this 
afternoon) and the question of how we can understand, or how we can describe 
the properties of particles which emerge in high energy encounters. It is to 
the latter question that the principle part of this morning’s session will be de 
voted. It is of course manifest that we are not very far in either program, but 
I believe here that we are so close to it that we miss, somewhat, an apprecia¬ 
tion of how very much more we know now than we did a few years ago. It is on y 
three years ago that we could raise, somewhat foggily, the question of were . 
there selection rules which accounted for the stability of these particles. t is on y 
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two years ago that we noticed the rather peculiar structuring of the mean lives 
of the particles between 10”® and 10“ 10 seconds. It is only last year, when it was 
clear enough that the selection rules had some connection with isotopic spin, 
that we talked about charge doublets and charge triplets. This year I think there 
is a new point which will come out, and that is, in addition to the charge degener¬ 
acy, there appear to be other degeneracies, or quasi-degeneracies which do have 
a connection with the theory of the stability of these particles. 


Rossi then presented a summary of the two cosmic ray sessions. He started 
with the tabular summary of the various particles as given on the previous page. 
There is first the well known particle which decays into a proton and a negative 
pion. The new information with regard to this particle which has come out in 
this meeting is a very precise measurement of the Q value from one event ob¬ 
served in photoplates at Bombay which gives 37.1 + .3 Mev. There hasn’t been 
any new information about the anomalous (high or low) Q values reported by the 
California group, except that there are still two events which deviate consider¬ 
ably from this Q, and which might be explained by an alternative mode of decay into 
a proton, muon, and neutrino. There is a new precise measurement of the mean 
life from the Cal Tech group which is 3.86 t .75 x 10-10 compared to the previous 
best value of 3.7 + .6 . There is some indication from the Tata group for Q values 

slightly larger than given above, but I don’t know/ how much reliance one can put 
on the finding. 


About the charged hyperons, they definitely exhibit two alternative modes of 
decay as given above. There has been quite a bit of new information about this 
particle. There were previously only four events of the type p+- fr t ’observed 

in photoplates decaying at rest and giving a Q value of 116 t Z Mev. There are 
now two additional events from Bristol, two additional events from Padua, two 
additional events from Wisconsin, and one additional event from Tata; they all 
coincide with this 116 value. With regard to the decay ^ N-r T r+ _ th ’ e data comes 

from photoplates. The particle decays at rest sometimes, but very often it de¬ 
cays in flight, so that it is not possible to tell whether it is a or a SC The 
measurements are not as accurate as for the first mode of decay, except when the 
emitted particle comes to rest at the end of its range, (where you don’t have to 
estimate its energy). It is fairly sure now that this alternative mode of decay ex¬ 
ists. As for the negative hyperon (*"). before this meeting there were only two 
events, of which I think only one was really good. They are from Shutt’s group 
During this meeting two more such events have been presented by Fretter, nega¬ 
tive hyperons that decay in flight in a cloud chamber. The Q value for this mod. 
of decay seems to coincide with the Q value for the positive decay There is also 

maVer. a U n „'l i r 8ht T 0 h bS " Ved ** T “ r ‘" WMch k "°'™ *» <>. -g.tivl since the p‘1 

it Thorter a s ." e ™ inati0 " * h<! ,U< 

There were previously five cases of the cascade particle A°r VT~ 

Tog from P °, ab T I" ^ case presented at this me.t- 

g om Prmc.ton which gives a Q value of 59 t 6 Mev. LePrince-Ringuet also 



12 6 

has one case which fits. There is no determination of the mean life, but from 

the way it is observed (decay in flight in cloud chambers), it seems to be of the 
order of 10 sec. 

Now we come to the well known 'T meson, which decays into three pions with 
a Q value of 75 Mev. There are some new determinations of the Q value from 
the Bombay group which spread between 74 and 79 Mev with an average of about 
75. There was no new information on the alternative mode of decay into one 
charged and two neutral mesons. However one very interesting event has come 
from the Bombay group in which the Q value appears to be much lower, and more¬ 
over the three particles are not coplanar. The neutral particle has its energy 
equal to its momentum, so it must be a massless particle, and it is reasonable to 
assume that it is a photon. There is a lifetime determination from Padua, where 
they found one case of a 'IT meson decaying in flight in photoplates compared with 
ten cases of decay at rest, and gives about 5 x 10”9 sec. 

We come now to another well-known particle, the Q°, which by now we are sure 
decays into two pions (not a pion and a muon) with a Q of 214 Mev. There is no 
new information on the lifetime; the value quoted is given by Page. As to anoma¬ 
lous decays which don’t fit this scheme, there are, among others, two possible 
interpretations. One is an alternate mode of decay of the 0° into f Y + /* + *>, 
and the other is to postulate a neutral counterpart of the 'fc decaying into ♦ 

The only new information which has come out in this meeting are two new events 
from Indiana which fit either description. The majority of events available today 
could be explained as 'tT 0 , but not all of them. Those that could not be TT° could 
be Q° TC^yU ♦ P . (Thomson noted that some could also be radiative decays.) 

Since some of the Q values are very low, Rossi believes a combination of these 
two explanations is probably required. 

Now I come to the really difficult part. These are the charged heavy mesons 
that decay into a single charged particle. Let us forget about those that can be 
explained by the alternate mode of decay of the . There are quite a few, and I 
think that there is quite good evidence that this phenomenon exists. As for the 
rest, I think it best for the moment to stick to a phenomeno-logical description, 
namely K //2 K /U3 and K e3 . I would now like to go through the evidence for 

and properties of these modes of decay. 

First of all, what is the evidence for a two body decay with a pion secondary? 
There are two pieces of evidence, one coming from photoplates, and the other from 
cloud chambers. The evidence from photoplates is not very abundant, but is rather 
convincing. There are three very good cases presented by the Padua group, one 
by the Brookhaven group, and I am sure there are a few others around, in which 
the secondary particle is recognized to be a pion. One case from the Tata group 
is particularly important, because the secondary particle is recognized to be a 
Tf because it undergoes interaction in flight. In the other cases the secondary 
particle is recognized to be a 7T from grain counting and scattering. In these 
cases where the secondary particle is surely a "IT , and it is not of such low energy 
as to be applied to the alternate mode of decay of the^t?, the Q value appears to be 
unique. You can also make a measurement of the primary mass, as has been done 
by the Padua group, and if you compare the mass of the primary with the energy 
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of the secondary, the neutral particle turns out to have a mass of 269 - 50, 
which makes it appear quite likely that it is a 77" ° . The Q value is then very close 
to that for the ©°. 

The other piece of evidence comes from cloud chamber work; the work with 
the multiplate chamber at MIT and the work with the magnet chamber at Prince¬ 
ton. The MIT evidence is the following. If one looks at particles which come to 
rest in one of the plates of the chamber, and if one looks at the secondary par¬ 
ticles which stop at this range of about 60 gm /cm^ of lead. In all of these cases 
but one, there is an electron shower, which is not due to a photon emitted directly 
(because it does not always go in the opposite direction from the charged par¬ 
ticle). Hence in the multiplate cloud chamber work, there is direct evidence for 
the fT . The energy of the charged 7T also agrees with the value from photo¬ 
plates. Then there is the very famous Princeton event where one sees the decay 
in flight of a charged particle into what appears to be one meson and two elec¬ 
tron parts. If one interprets the two electron pairs as being from the decay of 
the 77"*and if one makes momentum balance, one finds again the same mass. The 
very peculiar thing about this event, as you will know, is that it should never have 
been observed, because the probability of the direct decay of the TT^into two e- 
lectron pairs is really small. So 1 don’t think there is much doubt about the ex¬ 
istence of this K particle, which sometimes is called a X by photoplate people, 
and sometimes a ©1 by the theorists. (Rossi could think of no direct evidence 
for 0“; the general question of charge asymmetries is discussed below.) 

There is some uncertainty as to just what the lifetime of the Kir? is. Rossi 

would guess that the lifetime cannot be much shorter than 10“9 sec., because I 

try to explain an apparent contradiction between our results and those of the 

group in Paris. These appear much more prominantly in our pictures than 

in those at the Ecole Polytechnique. There the time of stopping is 5 x 10“9. One 

cannot overemphasize observational bias. Once you have found one event, you go 

back to your pictures and find five more. So, although this is an indication that 

the mean life is not far from 10-9, I wouldn’t be surprized if it came out to be 
10 “ 8 . 


The very strong evidence for the comes from the multiplate cloud chamber 

work at the Ecole Polytechnique and MIT. After some initial apparent discrep¬ 
ancies, the results of the two groups agree quite well. First of all, if one looks 
at particles which stop in the plates and looks at the secondaries, there is among 
the secondaries a group with a range of about 100 gm/cm Z of lead. There are 
nine such cases in the Ecole Polytechnique pictures,, and five at MIT. Independent 
evaluations of the range are 99.5 gm/cm z at EP and 102 gm/cm Z at MIT, which 
is the same within experimental error. Why do we say that the charged second¬ 
ary is a M ? One should have seen at least seven nuclear interactions at MIT if 
i were a . not er argument is that the primary mass measurements (EP) 

are inconsistent with the secondary being a TT . Why is the neutral particle a 

pammfl 0 fi r a r mm \ ray and air ° are ruled out because there are never 

Srha'v 1 Sh ° W T S) aSSOciated with th * decay of and they would cer- 

y aVe b6en Seen lf P res ent. Also the mass argument again rules out the TT 0 
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o r^de r ^ o f 'l 0^“ ^ s econds^ ^ n S^ e ^^ rn ^ es P r ^sented by RePrinc e-Ringuet, is of the 
n , * 1S su bject to some uncertainty, because the identitv 

of the particles which decay in flight is not always well known. There is some 

i*s d r ss ' ;, hich t uw n °* te very d id „<* 

be sure that it is different from the mass of the'Tand 6. From an unbiased 

ThatTh ° 6Xperimental evidence, I would put the mass at about 940m 

hat the mass should be as high as the r mass of 965 seems less likely after this 

meeting than it did before. The difficulty with trying to get a precise value from 

the range of the secondaries is (a) uncertainty in range due to scattering in the 
plates, etc. and (b) uncertainty in the range-energy relation. 

There is essentially no new information on the K* * . There is no reason to 
doubt its existence, since there are five or six cases of low energy stopping 
m emulsion. What makes it troublesome is that it appears rather prominently 
m photoplates, and we fail to see it in cloud chambers, at least if we look at 
particles which stop. Of course we would not get the low energy^ mesons, be¬ 
cause these would, for the most part, be absorbed in the plates. However, the 
photoplate evidence seems to indicate that there are also mesons of higher energy 
which be seen in multiplate chambers; of course only the low energy mesons are 
identified by decay in emulsion. But higher energy^u’s have been identified by 
grain counting and scattering. It might be possible that the decay spectrum of 
this particle is very crouded toward the low energy end, so that the probability 
of detecting them in a cloud chamber is small. One possibility leading to this 
would be an alternative mode of decay of the ^ going into *- ^ 

The other possibility is that the mean life is too short or too long. If the life¬ 
time were very short, you should see many decays in flight in the emulsions, 
which is not the case. If the life were of the order of several milliseconds, the 
cloud chamber would no longer be sensitive, and again it would not be seen, (a 
rather strange possibility). I don’t believe there is any direct contradiction with 
this last explanation, except for one event reported by, Leprince-Ringuet. This 
particle decays into a /J- in flight 10”^ seconds after it is born, and has a trans¬ 
verse momentum p# of 1.8 which is too small for a Thompson noted that 

many of the events observed on photoplates could be capture processes rather 
than decays, which would help to remove the discrepancy. In reply to a sugges¬ 
tion of Shapiro’s that perhaps too few have been seen to explain it as an al¬ 
ternative mode of decay of Oppenheimer noted that we have no way of know- 

ing the branching ratio. We have only to look at the K^, with the same decay 
products and lifetime as the JT meson but an enormously greater energy release, 
to realize that we have no idea at present how to handle such a question. 

As to the K particle which decays into an electron and two neutral secondaries, 
the conference has added quite a bit of new information. Before this conference 
there were to my knowledge only two, and now there are about seven such cases. 
There are three from Bristol giving a pp of 88, 49, and 81 Mev/c, two from Berk¬ 
eley withp£ of 56 and 110, and two from Rochester giving a p(? of 20 and 261. One 
from Berkeley and one from Rochester are considered not completely sure, but 
very likely. Again, the particle is not seen in cloud chambers. 
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The evidence for the K 4400 particle still rests only on mass measurement, 
and nothing is known about its decay. Menon reported that this mass measure¬ 
ment still stands, and there is related evidence from Pickup. This question 
will be settled when these particles can be followed to the end of their range in 

the large emulsion stacks now coming into use. 

Turning to the question of sign asymmetries, all cascade particles seen so 
far are negative. As to the 'V meson, Leprince-Ringuet has presented cloud 
chamber evidence showing that positives and negatives are about equally abun¬ 
dant. Of eleven decays in flight, six are positive and five are negative. But the 
positive are all slow, and the negative are all, except one, fast; so there might 
be a different excitation curve for each. Also there might be a detection bias 


against the negatives. 

The situation with regard to charged hyperons is not clear. Both positive and 
negative hyperons are seen, but since there are two decay inodes for the positive 
and only one for the negative, this might introduce a bias against the positives. 
Positive information comes from Cal Tech and is confirmed by Indiana to the 
effect that there are a large number of short-lived negative particles. If one 
attributes these to “, then they are much more abundant than 2 + . 


There is some circumstantial evidence that there are both positive and nega¬ 
tive K 'ft* i . The group at the Ecole Polytechnique find ZZ positive K an d °nly 
one negative. Of the decays in flight which are certainly not hyperons (and can 
be either K z or K^z) there are equal numbers of positive and negative. This 
would seem to indicate that all the K pz are positive and all the Kffz are negative; 
but the Krfz which decay at rest must be positive. On the basis of this rather 
contradictory evidence there must be both positive and negative K z* these 
cases, also, it appears that positives are much more abundant than negatives 
among the slow particles. In photoplate work presented by Menon and Salant, 
where secondary particles of low energy were selected, there is again a great 
preponderance of positives. In the survey by Menon, in which there was no bias 
with respect to charge in the selection criterion, he found 10 K + and no K“. In 
Salant's experiment, where the detection efficiency is believed to be much higher 
for negatives than for positives, he finds Z0 K + and 1 K” indicating a tremendous 
+/- ratio. 

There is a considerable amount of new information of interaction with, and 
capture by, nuclear matter. There are now a fairly large number of cases where 
a K particle undergoes some sort of nuclear interaction and emerges still as a 
K particle (of course whether the identity of the K particle has changed is not 
known). There are two such events from Bristol, four from Tata, and one from 


Berkeley. Pickup has one K particle which disappears in flight, and Salant has 
three which cause small stars in flight and disappear. All this indicates a mean 
free path of nuclear dimensions. We already knew that when K“ come to rest 
they produce stars from which, very often, hyperons come out. (3 from MIT with 
a /\°, one from Manchester with a A °, and one from Milan or Genoa with a 
charged hyperon.) There are now 8 additional K” capture events presented by the 
Padua group; no hyperons were seen, but there were If meson secondaries with 
energies from 30 to 50 Mev. There is one event from Tata which is not sure 
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(if the A o C ame out, it decayed very close to the star). Salant reported on 
sixteen K captures, five of which were cases where either a hyperon or an ex¬ 
cited fragment emerged. A few new cases of nuclear capture of negative hyper- 

pens That s th ^ f ^ ^ &t Tata ) were reported; not much hap¬ 

pens, that is, there is only a small star. Fry has one case which is of interest 

because the energy is above 100 Mev, which is too high for a 21 going into a 

following charge exchange. Salant also has four cases which are too energetic 
for a i\ being produced. 6 

The most illuminating results regarding the production of these articles come 
obviously, from experiments in hydrogen. Unfortunately very few such events 
have been observed so far. There are only three cases of the type V ~ + p 

A + © , one analyzed by Shutt and two by W. Walker. Shutt’s event and one of 
Walker’s are normal. Walker’s other event is abnormal in the sense that you 
cannot balance energy and momentum. It is consistent with either A ° + O ° +Y 


or O 0 + S-° with Z° — * A° + *6 . There are three events in which only the A ° 
is observed. All of these are abnormal in that the unobserved particle cannot be 
just a 6°. They can be explained either by an additional }T-ray and an additional 
/T° meson, or by the assumption that the /\ ° comes from the decay of a heavier 
hyperon. There are two cases where only the & ° is seen, one normal and one 
abnormal, in the above sense. Thus there is good evidence for associated pro¬ 
duction in hydrogen. As to the production of charged particles in hydrogen, Shutt 
has three cases of a charged hyperon and charged K meson. In one case the 
hyperon is negative, and in the other two it could have either sign. There are 
many examples of double production in heavy elements, which are, of course, 
difficult to analyze so directly. It may be significant that in all cases where two 
particles are seen, they are a hyperon and a K meson. Another piece of indirect 
evidence comes from the threshold for production (cf. Collins’ report below). 

In nucleon-nucleus collisions, the energetic threshold corresponds to the pro¬ 
duction of a A ° and a K particle, not to the production of two A°*s or a A° and 
a hyperon. Shapiro noted, however, that if one traces back a K meson to the star 
from which it originated, one rarely finds a hyperon associated with it. In eight 
cases examined so far, he has found no hyperons. 

As to angular correlations in production, Cal Tech, MIT, and Princeton find 
no correlation between the A ° production plane and its decay plane. In the case 
of double production of a A° and a <9°, the Princeton group find that when the 
decay plane of one of the particles makes a large angle with respect to the pro¬ 
duction plane, the decay plane of the other particle makes a small angle with 
respect to this plane. A correlation noted by Shutt is that in TT “-p production, 
the A ° tends to follow the line of flight of the nucleon. 

Extensive work by Fry on excited fragments revealed two cases in which a 
K-meson was emitted. Most of the other cases are consistent with a bound hyper¬ 
on, for example a ^ °, bound with an energy somewhat smaller than that of the 
nucleon it has replaced. In two cases the energy release is too great for a A °, 
but consistent with a . 

In discussion it was noted that Menon had four cases of associated production, 
and Eeprince-Ringuet had one (IS + 1V~). Shutt noted that for 7 hyperons, the 
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plane of decay always made an angle less than 40° relative to the plane of pro¬ 
duction, and that the average was about 20°. Rossi noted that this is, of course, 
much more significant than the lack of correlation in heavy nuclei. Goldhaber 
noted that his K e lived at least 1.5 x 10~9 seconds. He also reported that of 50 K 
particles at Berkeley, all but one have decay products. However, they have no 
idea of their efficiency for finding such (negative) particles that do not decay. 

Fry noted that in the two cases where a K particle comes out, they cannot exclude 
the possibility that the particle connecting the stars is negative, undergoing 
nuclear capture; that is, these are not necessarily cases of excited fragments. 

Rossi closed that there were a lot of stranger things reported that he had not 
included in his summary. 


Pais reported on views which have been expressed with regard to the new 
particles, especially what is the source of their remarkable stability, how might 
one order their various decay schemes, and how might one understand some¬ 
thing about their production. I will try to emphasize certain views which have 
been expressed by different people, in particular by Gell-Mann and myself 
(Pais), and which at first sight may seem to be unconnected, but are, as a matter 
of fact, very intimately related. 

Of course the great question really is, what is a particle? 1 don’t think anyone 
will object if I say that a particle is characterized by mass and spin, which are 
the only properties we can define without talking about interaction. If w'e talk 
about interaction, the gross properties with which the experimentalist deals are 
its electric charge, the only charge which we know to be conserved, its relative 
intrinsic parity, and its lifetime. The question is if this list of entities is suf¬ 
ficient to label a particle in a unique and a complete way. 

To make a very broad distinction about ways of thought about the new particles, 
one is “are they composites?* 1 in a fairly conventional sense. For example, is 
the A ° a bound system of a proton and a Tr " ? If it is so that we have to deal 
with composites and can describe everything in terms of conventional quantum 


numbers and conventional dynamics, we are certainly dealing with unconventional 
values of those quantum numbers; That is, if the ° is a Tf~ and a proton bound 
by an enormous potential barrier such that a 7 Y~ can come in at high energy, 
give up most of its energy in some way, and remain bound in a metastable state, 
the barrier has to be big for two reasons. In the first place you have to stabilize 


against pion emission, and in the second place because you have to stabilize 
against gamma emission. The theoretical proposition about particle stability is 
always the simultaneous stability for these two processes. This idea of high 
angular momentum makes it extremely important to find out about the angular 
correlations. The experimental situation is unclear and this question is still 
open. If you have such high angular momenta, then at not too high energy, you 
will also have the possibility of a favoring of associated production. That is, the 
system will want to emit two high angular momentum particles at a time so that 
t ey can compensate for each other, since the angular momentum in the beam it- 
se is not so large. The experiments in hydrogen at Brookhaven are consistent 
with associated production, but this does not mean that associated production 
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always takes place. Hydrogen experiments with the Bevatron, where we are so 
far above threshold that such arguments cannot help us out any more, should 
definitely settle the question whether at medium (4 to 5 Bev) energies single 
production is possible. It is remarkable that no one has yet seen the production 
of two /\°’s, which has a low threshold, and to which, from the point of view of 
angular momentum, there is no objection. Another point which I think quite im¬ 
portant, is the question of the +/- ratio of K particles. The situation is not clear, 
but perhaps Professor Rossi will not object if I say that at not too high energies 
this + /- ratio is markedly greater than 1, and that at very high energies it tends 
much more toward unity. This is really quite important from the point of view 
of composite theories, because if you use the nucleon-pion system to account for 
the new particles, and if you think this system is charge independent (certainly 
charge symmetric), it would be hard to get this asymmetry. Here one must be 
careful, because the asymmetry might be due to asymmetric initial conditions, 
rather than the nature of the interaction. It would be very helpful to have exper¬ 
imental information under symmetric conditions, for example, from reactions 
with 7T's or *15 's on deuterium. 

Pais knows of only one alternative to the composite system approach to the 
problem, where you have to deal with matrix elements which are steeply depend¬ 
ent on energy. In the other approach one says that there are two basic inter¬ 
actions, sharply to be distinguished, a strong production interaction and a weak 
decay interaction. Stability then comes about by assuming that associated pro¬ 
duction always takes place. This has certainly not been proved experimentally, 
and one counter-example would be enough to disprove it, but Pais feels the ex¬ 
perimental situation is more encouraging than when he first suggested this idea. 

So associated production will be assumed in everything that follows. 

According to this view, the following reactions must be slow: 

TT+N-^Y+lT N — nucleon 

N+N—>Y + N Y = hyperon 

'tr + N —B + N B = heavy boson (K mass) 

N + N B + N+ N/ 

The reactions which may be fast are: Examples 

lY ” + p + <S>°or + e + 

k" + p ^A° + 7r ° 
never seen so far 

scattering 

+ P f\° + M 

The following things are to be noted about these reactions: 

(1) The number of nucleons plus hyperons is conserved. One of the basic prob¬ 
lems is to understand this conservation law, namely that the number of baryons 
minus the number of anti-baryons is conserved. 

(2) Any number of pions or gamma rays can be added to either side of these 
equations without violating anything about this associated production. 

(3) Menon has an event in which a perhaps, and a K particle emerged from 

one star. If the K particle is a fermion, it may mean that fermions rather than 
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bosons come into plan in associated production. Pais would like to know to what 
extent it is certain that the decay scheme is K + P + ^ rather than, say 

yU + P +7T°. As to why you do not always see associated production, there 
are a couple of trivial remarks: (1) A A° can presumably decay invisibly into 
N +TT'°; (on certain simple assumptions the ratio of charged to neutral decays 
would be 2/1). Likewise a ° could decay into two ft °'s, (but only if the spin of 

the O ° is even). (2) It is important to remember that there is a spread in life- 

/x/ 1 ft —10 

times of the new particles of at least two orders of magnitude (from 10 to 10” ) 

so that certain experimental setups may not be suited for the detection of the 
decay of two particles possibly produced together. (3) Another complication in 
determining whether or not associated production always occurs may arise from 
the existence of “particle mixtures”, but I shall not have time to go into this. 
(Added in correcting: see Gell-Mann and Pais, Phys. Rev. 97, 1387, 1955). 

If there is always associated production, then why is this so? This is a type 
of approximate conservation law. If you want to go beyond a purely phenomen¬ 
ological statement, you would like to have rules as to what may be fast and what 
may be slow. You would like then to have further rules that would lead to more 
detailed predictions, and so on. In order to sketch what the situation may be, let 
me make a distinction between three groups of interactions, namely strong, 
electromagnetic, and weak. The strong interactions comprise nuclear forces, 
new particle production, and hyperon bonding, and the weak ones are, for example, 
beta decay, muon decay, and the decays interactions of the new particles. We 
then have the following conservation laws: 


Conservation Law 
Absolute: charge baryons 
Charge Independence 
Stability Laws 


Strong 

Yes 

Yes 

Yes 


Electromagnetic 

Yes 

No 

Yes 


W eak 
Yes 

9 

No 


(yes (no) means that the law considered is valid (violated) in the presence of the 

interaction concerned). Attempts have been made to understand these stability 

laws for the new particles as extensions of the more familiar, but also not under- 
stood law of charge independence. 

A couple of years ago I suggested that one might try to characterize the strong 
and weak interactions as even or odd, and it was later realized that this distinc¬ 
tion could be made into a kind of dynamics by introducing isotopic parity. This 
isotopic parity proved inadequate to stabilize enough particles. But here emerges 
the idea of assigning quantum numbers to particles and symmetry properties to 
interactions. Then if the quantum numbers work out, you can ask where they come 
from. The idea behind all this is to try to see a connection between the stability 
laws, and the symmetry of the “internal dynamics” of the particles. Just as in 
atoms, where you have a very complicated structure with very many levels, there 
are often a few levels which are metastable, due to the symmetry of the object 
and the kind of interactions you allow the object to have. I will, therefore, 
sharply distinguish between the problem of stability, and the problem of predict¬ 
ing the masses. W e may be within reach of attempting to explain stability; the 
mass problem is much more intimately connected with a detailed dynamics; 
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in particular there may well be many more short-lived states we know nothing 
about so far. 

Now let me come to an attempt by Gell-Mann of assigning quantum numbers 
to particles which seem to show promise. In the first place, what is charge inde¬ 
pendence in the conventional sense? One says that for the charge of the nucleon 
Q = I 3 + I, and that for the pion the charge Q = I 3 . This introduction of I^is not 
yet charge independence; it is, in fact, trivial, because the charge Q is absolutely 
conserved, and the total number of nucleons minus anti-nucleons is conserved, 
so that the “ 7 ” is also absolutely conserved. It is, therefore, trivial to say that 
I 3 is absolutely conserved. What is not trivial is that 13 is the three component 
of an angular momentum 1 , and that 1 ^ is a good quantum number in the strong 
'Tf -nucleon interaction. The Gell-Maryi idea is to relax the relation between 
Q and I 3 , in a well-prescribed way. This gives the following level scheme for 
ba ryons. 

I Q 

£ h - i 

1 13 

0 I3 

1 T 1 1 

2 I 3 + 2 



The game we are now going to play is the following. Q is, of course, conserved 
in all interactions. We assume I 3 is conserved in strong and electromagnetic 
interactions, but not in weak interactions. But in order to play this game com¬ 
pletely, we must also say something about the K particles. Here we shall be a 
little bit cautious and call them B, not 0 °, 6 ?, etc. This level scheme is: 







Under this scheme, which interactions are allowed (i.e. for strong or electro¬ 
magnetic processes) and which forbidden? This gives immediately: 


Associated Production 


N + N * ^ Y + Y ___ 1 

IT + N —Y + B" (or B°) V forbidden 

N + N—^N+Y B ” J 

7\ ” + p —>> A° + B 0 

;£- + B + allowed 

£° + B 0 _J 

3 unstable against gamma decay to /\° (3I-ij for e.m. with AI 3 
77— + p N + B+ + B“ allowed 
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Note that the first time you can get a B“ you will also get a B + . It is, therefore, 
very interesting that the +/- assymetry at low energies seems to be wiped out at 
high energies as is indicated here. The essential point in all this is to introduce 
a displacement in the center of charge of all these multiplets. 

There are several points to be made about the cascade particle. First of ail, 
because of this charge displacement, there is 2’ but not S + . Secondly S 
cannot rapidly decay into any other baryon. Thirdly, in order to make a O ” in 
a pion-nucleon collision, it must be accompanied by at least two B particles. 
Finally, although 2° is not observed, its decay is presumably to A ° +fT°, 
which is difficult to detect. 

At this point Pais interrupted his talk to make a plea not to use words like 
strange or peculiar (in referring to the new particles). For a theoretician, a 
proton ought to be just as peculiar as a hyperon. This is only terminology, but 
one should bear it in mind. 

Now comes the question, what particles should be identified with B? There 
we are, perhaps, in trouble. First of all, there are a great variety of K particles. 
We do not know how many of them are alternate decay modes of one kind of par¬ 
ticle, but we do, perhaps, know (cf. Dalitz report below) that not all of them can 
be one kind of particle. That is, there are indications that the 'fc and the & seem 
to have different space-time properties. Up till now, when we talked about 
multiplets, it was kind of tacitly understood that within a multiplet the only dis¬ 
tinguishing feature was the charge. For example, if the charged mesons were 
pseudoscalar and the neutral TT* meson scalar, you would say it was nonsense to 
talk about this thing as a triplet. One would rather talk of a “mysterious mass 
degeneracy*’, but one would not be able to rotate the isotopic spin of the 'Tr 
freely; and that is, after all, what we do in applying charge independence to the 
ft* -triplet. So if, as appears likely, we are in the K-particle case dealing with 
mysteriously mass degenerate multiplets, we have something new to worry 
about. It may be an indication for something which I believe will eventually be 
unavoidable; an interlocking of the. space-time dynamics with the “internal 
dynamic s’*. 

Oppenheimer noted that you would probably want to say that particles with dif¬ 
ferent lifetimes are not the same particle. Pais commented that the has 

about the same lifetime as the hyperons, which may be one reason why exper¬ 
imentally they are so often seen together. Further there is no evidence that 
among the charged bosons that there are lifetimes comparable with 10“^. This 
is not in any way a contradiction; you need only think of the lifetime difference 
between / Tr° and V* . But of course if one finds more than one lifetime among K 
particles of the same charge, then there are at least two different kinds of par¬ 
ticle. Feynman remarked that two particles which are produced in associated 
production ought not to have lifetimes which differ by many orders of magnitude, 
because they could then go backward through that strong interaction and come 
out the other side. But all the present experimental lifetimes are close enough 
so that this would not happen. Oppenheimer noted that one might turn this argu¬ 
ment around and say that this scheme of associated production has in it, also, 
the virtual explanation of the fact that the lifetimes are about the same. Dyson 
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noted that there is nothing to prevent the ^°from having a very different lifetime 
from the other hyperons. 

Pais noted that in decay we might have the selection rule 


AI 3 = ± j for weak 


/ V—» C 

interactions. This would then allow the cascade particle to decay to a /[ 0 

_ i 1 _ j / r T' O _1 i i i i • _ _ _ i r _ __ i _ a O 1 'tY O — 


but 


not to a neutron. (Then £ 0 would be long lived for the decay A 0 + Tf 0 and hard 
to detect.) Gell-Mann noted that this might suggest the stronger rule A I = X ~. 

Now the question comes up: what is going on here? Is there some compre¬ 
hensive principle of symmetry, a beginning of a dynamics behind all this? To 
orient ourselves let me go back once more to the question of the connection be¬ 
tween Q and I 3 for TF' s and nucleons. In the first place we noted that the center 
of gravity of the nucleon Q and I was displaced by ^ relative to the center of 
gravity of the pion Q and I. We could do this freely because the nucleons are 
conserved separately. This suggests that one might write down Q = I 3 + K 3 + \ 
for all the baryons, and Q = I 3 + K 3 for the bosons. That the \ is conserved is 
trivial since baryons are conserved. That Q is conserved is trivial; this is just 
conservation of charge. Hence it is trivial that I 3 + K 3 is conserved. There are 
now two things which are not trivial. In the first place, that I 3 is the third com- 
ponent of the isotopic spin, where I 2 is a good quantum number for strong inter¬ 
actions only, is not trivial. The second thing which is not trivial is that I 3 and 
K ^ are conserved separately in strong and electromagnetic interactions.'' There¬ 
fore 1 was lead to say that there is obviously another quantum number hidden in 
this scheme, and that it is, perhaps, not unreasonable to say that this quantum 
number is related to a new angular momentum operator, one in addition to the 
usual isotopic spin. Now if you work with a three-dimensional isotopic space, 
there is simply no room for such an extra angular momentum; an extension is 
therefore necessary. The next point is that the isotopic spin for these various 
states is given integer and half-integer values. But you can easily convince 
yourself that if you have a particle which is capable of different states, that this 
particle cannot be allowed to have integer and half-integer states at the same 
time, as long as you work with the three-dimensional rotations. For example, 
for good reasons nobody has ever invented integral angular momentum states for 
the Dirac electron in the H-atom. This is simply because the integral and half¬ 
integral states are not orthogonal to each other (cf. W. Pauli, Helv. Phys. Acta, 

12, 147 (1939)). Finally it is not clear how you can construct an interaction a 

carries off A I 3 = ± j in a three-dimensional description. 

Now I had all along the idea to try and see whether the internal dynamics o 

these particles could be a four-dimensional one, (for reasons that have o 

field theory and which are not important for the moment). This may a irS 

appear arbitrary and excessive, but 1 want to make it clear tha 1 1 , 

to explore whether a three-dimensional invariance property llk ® ^ T in 

ence is part of a four - dimensional dynamics. First consider an ^dinary to^i 

three dimensions. For this object we can write down an si g n 

in the fixed system and one -K in the body system. (For is usu al 

commutation relations: Dp Lp L2. ^3 id. - ^k- v spherically symmetric 

iK,: fLi. Kfl = 0; further L 2 = K 2. T herefore ifj muhav^^sp henc y _y- 

' Note that if AI 3 - ± 1/2 then A K 3 = 1 - l/2 for weak interactions. 
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top, you have three quantum numbers: F 3 and K 3 . That is why a standard 

top has (ZL + 1) Z degeneracy. And these two sets of three components begin to 
smell of something I was talking about before. What has this to do with the four¬ 
dimensional rotations? We can write = -|(F23 + M 4 ), L-Z “ i(^31 + 

L 3 = + L 34 ), where the L— are the six components of an anti-symmetric 

tensor; similarly = j(l^Z3 “ M 4 ) an d so on - Then you can, of course, write the 
commutation relations for the Lqj from those of the L^, K{, and what you find is 
that these are the commutation relations of a four-dimensional angular momen¬ 
tum. In particular, you find that you are entitled to write = i(x|^. - xj ) 

where now i,j run from one to four, and where the xi's are four real variables. 

So you see that the two types of rotation of a top (rotations of the fixed frame and 
those of the body frame) can be comprised of four-dimensional rotations. Now, 
what are the eigenvalues of the angular momentum? They are K(K + 1 ). If we 
have a physical top, e.g., the molecular approximation, K takes on only integral 
eigenvalues. What I want to use in this theory is that K be amenable to both 
integral and half-integral eigenvalues. You can, in fact, prove that if K is to take 
both integral and half-integral values, you are forced into the four-dimensional 
space and you make the span only half the sphere; see Klein-Sommerfeld). 

This is the point where the transition is made from three to four dimensions, 
by means of which one avoids the pitfall of non-orthogonality noted by Pauli. 

Very roughly, then, the model is the following. For spin ^ particles, 1 replace 
by L + T/Z = I, and 1 keep K. Then 1^ is no longer equal to K^, as in the case 


with no spin, but I = K i 


Then we can label states by two quantum numbers 


(I, K). For the bosons we let L be replaced by F + T, where T is the spin l 
vector, and then I = K i (1 or 0 ) for bosons. Then you find something amusing, 
namely that if you take F 3 + K 3 , this is equal to F^. With the definitions: 

Q = I 3 + K 3 4 \ for baryons, Q = I 3 + K 3 for bosons, you then see that the electro¬ 
magnetic processes give you a preferred elementary rotation in four dimensions, 
namely the rotation in the 1Z plane. This is just the rotation you have in the 
ordinary isotopic spin space, which is also in the 1Z plane, but there it was around 
the 3 axis, while here it is around the 34 plane, if you want to talk geometry. 

Now let us return to the baryon level scheme and put in a set of possible assign¬ 
ments of 1,K and 13 *^ 3 . I and K are given on the right and the two numbers 
attazhed to each individual particle are p 3 > K 3 } 
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We have so identified all the particles we had before'and the rules fall into place. 
For the B-particles we have the assignment I,K = they form a quartet: 

B + = B° = R,fl, B ° - .[i.-g, B- - For the 7T: (I.K) - (1,0). 

But now there is a point which always causes tremendous trouble, namely too 
much degeneracy in the baryon spectrum. You clearly see that I have not used 
up all values 13^3 that belong to given I,K. For example along with A °l £o, 
there comes a state £0,£] corresponding to a positive particle A + . And along 
with the 2 's there come three further states with K 3 = etc. If you use the full 
four-dimensional invariance (and if you believe the definition of Q) you get a level 
scheme which is definitely too degenerate (see the scheme drawn in the Glasgow 
report). In the original attempt to use a four-dimensional dynamics 1 used this 
full invariance, but it is not necessary for the assignment of the quantum numbers 
I,l 3 , K 3 . One way to get out of the degene racy--but it may not be the best way-- 
is to say that there is only degeneracy with respect to I 3 but not for K 3 and that 
for some reason the spectrum is split with respect to K 3 so that the states with 
lowest K 3 lie lowest. I have in fact only used the minimum value for K 3 for 
each ( I.,K) in the above diagram. Roughly speaking you have a model which is 
more analogous to a symmetrical than to a spherical top. This affects the doubly 
charged particles in the following way. There is an important limit in this theory 
which 1 call the first K-particle limit. As soon as you have a mass greater than 
a nucleon plus a K, you have to ask whether the particle of this mass is stable 
against this decay. And all the states which we want to get rid of are, in fact, 
unstable against this decay if they are massive enough. Take e.g. the states 
I = t 1,0; K 3 = In the degenerate situation they lie together with the -states. 
But if these K 3 = \ states lie above this K-particle limit they are unstable against 
rapid K-decay. In this way one can, in particular, avoid a double-charged 


particle degenerate with the Si’s. 

Thus a four-dimensional dynamics may be the underlying thing to read off 
from the new particles, but I cannot tell whether this is the only way to under¬ 
stand the facts so far before-us. On the other hand, it seems out of the question 
to me that a three-dimensional isotopic spin picture could ever do the job. 

Now we come to the question of the fragments. If I have a hyperon in nuclear 
matter, then I have to ask new stability questions. The following is true. A 
is stable inside a nucleus. (This raises an interesting point. If this scheme ha 
anything to do with the truth, there is a remarkable property of the A • as 

isotopic spin zero, which means that it cannot interact with a nucleon with the 

(virtual) emission of an odd number of ^-mesons, because zero zero 
are forbidden. So if the A ° can interact with the nucleon via the pion le , 
will sort out the even powers of this interaction from the odd powers. u ’ 
although the A 0 is stable in nuclear matter, all the other levels are unstable 

because. yousee,W by the 

selection of rules for the strong interactions. So any hyperon "UcTear nn° 

will, in general, degenerate immediately to the lowest hyperon c0r rections 

stars corresponding to the energy release of a A ° with appropriate corrections 

for its binding energy fit nicely into this picture. But 1 you 
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which live a typical hyperon lifetime, but give an energy release bigger than this, 
according to this picture they cannot be due to bound £*" etc. Two remarks 

can be made about this. In the first place there may be additional selection rules 
which are not yet included. Utiyama and Tobocman have written a very interest¬ 
ing little note in which they showed that if you make a certain restriction on the 
structure of the interaction, that space parity may serve to inhibit certain re¬ 
actions, and hence one can arrange the relative intrinsic parity of hyperons in 
such a way that some of these states could be long-lived in nuclear matter. The 
other point is that the positive hyperon, which we assumed came from the split¬ 
ting of the A level, is easily seen also to live long in nuclear matter (if it lies 
itself below the first K-particle limit). 

Finally, one can ask if it is possible to have hyperons above the K particle 
limit which are stabilized against free decay into a nucleon plus a K particle. 

It is, which is important since both Eisenberg and Fry have pictures of particles 
which may be of this type. These particles should be accompanied by more than 
one K particle in production. They can be included into the Gell-Mann scheme 
without introducing any doubly charged particles, but in the Pais four-dimensional 
scheme their existence would entail that of doubly charged particles as well. 
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Collins then reported on an experiment which lends support to the Gell-Mann, 
Pais prediction that in nucleon-nucleon collisions you will produce a hyperon and 
a K meson but not two hyperons. The experimental arrangement is sketched 
below. (Fig. 1) Since the counter detects gamma rays, this experiment is in¬ 
tended to pick up the gammas arising from [Y° 
decay, where the 1Y ° cannot have been produced in 
the target, but presumably comes from some heavy 
particle decay such as 4 ° —> TT° + or 
^ 1T~ ° t P + , etc. The counter is sensitive 

to gamma rays of an energy greater than about 
30 Mev, and is rather insensitive to star products 

or charged particles in general. The target can 
■ touniKr ® s '- 11 

Q be moved back and forth thus varying the distance 

from the target to the decay point seen by the 
l counter. Starting with the decay point 5 cm from 

the target, the number of counts falls to l/e of its initial value when the target is 
moved upstream 2.5 cm. This is of the right order, since it corresponds to a 
decay lifetime of about 10 second for a particle moving with the velocity of 
the center of mass in the nucleon-nucleon collision. If one now examines the 
variation of the number of counts with the energy of the protons incident on the 
target, one gets a typical threshold curve with both carbon and copper targets 
the threshold being about 1.1 to 1.2 Bev. If one looks directly at the target so as 
to observe the 7T°’s directly produced, one gets a very different excitation 
function, which is one piece of evidence that the experiment, is being correctly 
interpreted. There is, of course, a finite chance that some subtle mistake is 
being made. This threshold figure is to be compared with the calculated 
thresholds for various processes given by Sternheimer. (Table I) We see that 
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the threshold for the production of 
/\° t K is surprisingly close to 
the observed value, while processes 
in which a single K or one or two 
hyperons are produced should 
occur at much lower energies. The 
acid test of this will be when the 
experiment is repeated, taking a 
carbon-polyethylene difference. 

Then the threshold should shift up 
to just the 1.55 Bev point. The 
dependence of the threshold on 
assumed Fermi energy is given in 
Table II for the particular case P + N 


_ Table I 

pvH or P+p Frge 
'V 

P + . 37 

P + N + K, 1.15 

.96 

ZVZ* 1.15 
PfA°vK 1.55 

N i- SL + + K 1-80 

P 2.10 

P-t-N+2K 2 - 7 
P+N+-K + TT 1 - 45 



P + A ° + K. 


25 Mev 

Fermi Energy 

.23 
.80 
.69 
.80 
1.14 
1.34 
1.58 
1.85 
1 .08 


Table II 

E E 

Fermi Threshold 

0 1.55 

10 1.3 

20 1.18 

30 1.09 

40 .97 

positive mesons. The density of the di 
probability of the decay, the statistical 


Dalitz reported on the analysis of the 
53 'T meson decays in which the sign of 
all three of the TTmesons is known. 

Fig. 2 gives a plot of these events, the 
distance from the horizontal tangent to 
the circle being proportional to the 
energy of the negative meson, and the 
distance to the other tangent being pro¬ 
portional to the energy of one of the two 
stribution is directly proportional to the 
factors being automatically accounted for. 


The observed distribution does not show 


any marked difference from isotropy, 
and has certain specific features which 
bear on the question of the spin and 
parity of the 'Tr meson. In the first 
place, there are a number of events in 
which the positive 7T"which is emitted 
is rather slow. If the spin and parity 
of the meson were such that it could 
decay into two / TT* mesons, then when it 
decays into three pions, the third pion 
cannot be at rest, because the angular 
momentum is the same, but the parity 
is opposite in the two situations. A more 
general statement of the same type is 
that in this case the probability density 
(square of the matrix element) in this 
diagram must vanish on the boundary, 
if the spin and parity of the ^ meson 
are such that it can decay into two pions. 



Fig. 2 
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This is emphasized in Fig. 3, which is 
a plot of the angle between the relative 
motion of the two positive mesons and 
the motion of the negative meson; in 
this diagram the density should vanish 
at cos G - 1. If the matrix element is 
given by centrifugal barrier penetra¬ 
tion, one obtains the curves given for 
(1-) and (2+). There are seven events 
in which cos ^ is greater than .9, and 
three in which it is greater than .95. 

It is difficult to exclude (1-) on this 
basis alone, but it is excluded by the 
large number of events near cos O - 0. 

(2 + ) also fits very badly and statistical 
analysis shows that it is very improb¬ 
able. 

The second argument deals with the 
distribution of the energy of the nega¬ 
tive pions. The significant point is that 
there are a number of slow negative pions. 



Fig. 3 


Again, the centrifugal barriers are 


such that one would expect very few events in this region unless the negative pion 


comes out in an S wave. 


In the latter case, the relative angular momentum of the 


(identical) positive pions must be even, and the spin of the 'T' meson must b 


e* \r f* n 


and its parity odd. The evidence for 
this is plotted in Fig. 4. It can be seen 
from these curves that this argument is 
not quite so strong as the first one, but 
the shape of the curves at the upper end 
also helps in throwing out many cases. 
Again, however, isotropy is very reason¬ 
able. So for low spin values, it is very 
improbable that the ^ meson has a spin 
and parity such that it can decay into 
two pions. But if you are willing to con¬ 
sider much higher spin values, it is not 
possible to make a strong statement, 
since the question becomes one of how 
fast the distribution vanishes on the 
boundary. 

Dalitz concludes: (1) If the spin of 
the 't meson is less than 5, it cannot 
decay into two 7T mesons. (2) If the 
spin is small, the parity is certainly 
odd, and the spin value could be 0, 2, 

4, or 6. 
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Finally correlations between the pion (C ^l) configuration and the direction of 

motion of the decaying "t -meson were looked for in cloud chamber events, but 
no significant correlations have been found. 



Monday Afternoon: Elastic Scatt ering of Nucleons, E. Segre presiding. 


Segre outlined the program that he had suggested for this session, which was 
intended to cover, first, the unpolarized and polarized effects in nucleon-nucleon 
scattering; second, the scattering of polarized nucleons by nuclei; third, whatever 
remarks could be made to summarize the calculations that are being carried out 
to explain the experimental results. 

G. Breit presented an introductory survey of nucleon-nucleon scattering, 
beginning with a discussion of the situation at the lowest energies. Here we tend 
to learn only the physics of the S-state, and the results are, furthermore, fairly 
independent of detailed shapes of potentials. We discover the way in which depth 
of wells are connected with their range, and we obtain data on scattering lengths 
and effective ranges. A further examination of low-energy data has been stimu¬ 
lated by recent work of Foldy and Erikson, who find evidence for vacuum polar¬ 
ization from some of the careful experimental work, notably that of D. H. Frisch 
and collaborators at MIT. 

An extension of the theory in order to deal with higher energies has been 
attempted in several directions, using pseudoscalar theory and a variety of poten¬ 
tial models. The original Levy potential, modified in order to allow g^ to vary 
from term to term, is still under consideration. This means, of course, that 
agreement with experimental data no longer has very deep significance. Perhaps 
the most up-to-date work on this theory is that of Brueckner and Watson, and we 
shall say more about this. Calculations have also recently been carried out by 
Jastrow, whose phenomenological approach employs the second- and fourth-order 
terms in the form + °<- V 4 , with £< adjustable. The results he has obtained, 
for two choices of ex' are as follows: 



c* = l 


o( =1/4 


quad. mom. 

2.12 x 10~ 27 

cm^ 

2.75 x 10" 27 

cm (exp: 2.74 x 10“^?) 

triplet core 

0.53 x 10“ Li 

cm 

0.61 x 10" 13 

cm 

singlet core 

0.49 x 10“ 13 

cm 

0.40 x 10" 13 

c m 


On the other hand, Kalos and B latt have found that no form of the Levy potential 
in which the core is not adjustable can simultaneously reproduce the scattering 
lengths, effective ranges, and quadrupole moment. Of course we must bear in 
mind that complications introduced into the quadrupole moment by exchange 
effects tend to make this parameter the least reliable as a check against theory; 
if the quadrupole moment be ignored, a fit to the remaining low energy data 
becomes possible, and Kalos and Blatt have produced such a fit. 

The work of Brueckner and Watson, and of Brueckner, goes further than 
either of the two aforementioned calculations. Following a summation procedure 
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originally suggested by Wentzel, they have arrived at reasonably good descrip¬ 
tions of the p-p scattering at 32 Mev, and of the n-p scattering at 90 Mev. The 
following values of two-body parameters have been obtained in this work: 

triplet-even singlet-even 


A 

1 

0 

0 

0 

g 2 /^ 

19.5 

15.4 

13.3 

16.0 

Q (mb) 

3.43 

2.83 



r Q (cm) 

1.93 x ICf 13 

1.73 x 10“ 13 

2.10 x lo" 13 

2.585 x 10" 13 

r Q (cm) 

.30 x IQ- 13 

.30 x 10'* 13 

.33 x 10~ 13 

.384 x ID' 13 


where 
r Q is 


\ determines the strength of pair coupling, r 
core radius. The experimental values of effec 


e 




and 




range 


1.71 x 10-^3 cro (triplet); 2.7 x 10" 13 cm (p-p singles) 
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The general shape of the p-p angular distribution, 
calculated for 32 Mev, is the solid curve shown 
here, and is in fair agreement with experiment. 

The dotted line shows the approximately con¬ 
stant 16 mb cross section obtained when Coulomb 
effects are subtracted. On the other hand, the 
calculated shape for n-p scattering at 40 Mev 
(solid curve) is in disagreement with exper¬ 
imental results (dotted curve), and the situation 
is equally poor at 90 Mev. It is on the whole 
clear that the exact nature of the interaction is 
not yet clearly understood. Brueckner has 
pointed out that the tensor contribution to the 
interaction is not entirely due to terms involving 
the combination ‘^ 2 ). This should be men¬ 

tioned in connection with the fact that an attempt 
by Feingold and Wigner to account for shell be¬ 
havior by terms of this type has not been sue- 
C 6 s S £Vll 

Breit went on to consider the way in which information is being derived from 
polarization in nucleon-nucleon scattering at high energies. The fact t 
are so few quantitative confirmations of the pseudoscalar interaction in wo- 
nucleon theory as a whole implies that, for the present, a complete t e 

description of polarization effects is inaccessible to us. C “^about^he high- 
are being made in the direction of learning as much as possible ab g 
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energy phase shifts. In experiments of this type, one is dealing with a parameter 
P = » defined as the average value of the Pauli spin in a direction, y, 

perpendicular to the scattering plane. The double-scattering measurements ex¬ 
hibit an asymmetry e = (R - L)/(R + L), where R is the strength of scattering 
“to the right * 1 and L of scattering “to the left”. It can be shown theoretically 
that this quantity is equal to P(k|, 0 l, = 0) * P(k?, & 2 > Z - 0)» where k is 
the wave number of the nucleon beam, ( Q ) the direction of scattering, and 
where the subscripts refer to the two successive scatterings. The quantity P is 
in each case the polarization that would be produced at the given energy and angle 
by an:unpolarized beam. In certain special cases, it can be assumed that the 
energy and angle in the two successive events are identical; in such cases the 
absolute magnitude of P can be measured. Double scattering by itself does not, 
of course, reveal the absolute sign of P; for this determination it is necessary to 
degrade the energy of a polarized beam to a point where the scattering will in¬ 
volve a well-known low-energy resonance (see the work reported below by 
Marshall and by Rose). 

Following his survey of the theory, Breit produced a discursive review of 
significant data that have accumulated over the past year or so, and it seems 
certainly appropriate to record at least the most obtrusive features of these 
results here. Presented in the order of Breit’s review, they are as follows: 

i) p-p scattering. The Harvard group has extended its measurements of the 
angular distributions and energy dependence of this process. The cross section 
at 95 Mev falls smoothly from about 4.9 at 40° to about 4.6 at 90°. (Note: In 
these data and those that follow, cross sections are in millibarns/steradian, 
energies in the laboratory system, angles in center-of-mass, and double¬ 
scattering asymmetries in terms of the quantity P defined above). The energy 
dependence of the scattering at 90 °, as measured at Harvard, falls from about 
11 at 40 Mev to the value quoted above at 95 Mev. These results join smoothly 
onto the data from Berkeley and Chicago at lower and higher energies. The 
Harwell point at 145 Mev and the Rochester point at Z40 Mev are both about 
1.0 mb above the Berkeley-Chicago-Harvard curve. In relation to these discrep¬ 
ancies it may be mentioned that Crandall remeasured the C^ (p,pn) cross section 
finding it to be 33 t Z mb. This corresponds to changing the Oxley-Schamberger 
value to 3.35 t .Z9 and Towler’s value to 3.14 - .Z 6 . However the Rochester 
standards have been independently revised giving revised values of 4.05 t .35 
for the Oxley-Schamberger experiment and 3.80 ± .3Z for Towler’s with a mean 
of 3.9Z t .31 which overlaps the Berkeley value. The Harwell values have also 
undergone recent revisions, work of Taylor and Wood giving 3.77 t 0.15 mb/ster. 
at 134 Mev while Cassels obtains 4.05 t 0.Z mb/ster. at 147 Mev. There is fair 
agreement with the Harvard values at slightly lower energies, the Kruse, Teem, 
Ramsey values at 90° being 


E 

(Mev) 

41 

69.5 

78.5 
95 


-X3^(90°) 

(mb/ster.) 

11.4 t .80 
5.96 ± .36 
5.40 i .32 
4.65 ± .25 
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The data of Fisher and Goldhaber, at 170 Mev and 260 Mev are also in 

ment with this curve, and their angular distributions show some evidence § for " 

M lnt ^ ference between Coulomb and nuclear scattering at small 

at 330 M h 6 rvf ar K CUt , 6VidenCe f ° r thiS ^ of interference has been obtained 
at 330 Mev by Chamberlain et al. 

urorl SCattering -~ DePangher has measured the angular distribution of this 

h i’ " eUtr ° n s P e ctrum, obtained from 340 Mev protons on thick LiD 

in which 50% of the beam is contained between 280 Mev and 320 Mev The data ’ 

show a strong fore-and-aft asymmetry, the cross section being aboul 4 at 15° and 
bout 9 at 1,5 (neutron angle). The function is essentially flat from 15° to 40° 
and has a minimum of 2 mb at approximately 100°. Similar results have been ’ 
obtained by Hartzler et al . According to information from B. Rose of Harwell 
there is rather definite evidence concerning the scattering cross section asym¬ 
metry m the 100-150 Mev range as follows. Richard Wilson et al. have compared 
their data at 105 and 137 Mev with that of Ramsey at 91 Mev. Snowden et al. 
(Birmingham Conference) had data at 133 Mev. Rundle et al. had related data at 
156 Mev. Combining these data, Rose concluded that it would be fair to say that 
(1 80°)/(3 ( 0°) = l.Z and that the minimum ex' occurs at O = 70°. 
m) p-p polarization. The Chicago group has extended its measurements of 
the angular dependence of the polarization. At 439 Mev, they find a maximum 
polarization of about P = 0.3 in the neighborhood of 30°. The Berkeley group has 
obtained somewhat more precise data, showing the structure of the curve in con¬ 
siderable detail. The best fit to their results at 300 Mev is found to be 


P = 0.3595 sin26> + 0.0645 sin4<£> + 0.03 09 sin 6 & . 

This function has a maximum of 0.36 at 30°. Work at Carnegie Tech has con- 
firmed the general nature of these results. 

i v ) n-p polarization. Workers at Berkeley have scattered 312 Mev polarized 
protons from deuterium in order to investigate the asymmetry in n-p scattering. 
The results are interpreted under the assumption that the neutron is free. The 
data can be well represented by the function 

P & - -0.016 sin & + 0.958 sin ZO + 0.324 sin }>& 


+ 0.366 sin 4 0 , 

where & is the angle of the scattered proton. Direct measurement of the n-p 
polarization has been carried out at Rochester, where it has been found that P is 
quite small (less than 0.2) up to about 80°, proton angle, where it changes sign 
and appears to approach considerably larger values. 

Marshall and Marshall have recently succeeded in ascertaining the sign of the 
spin in the polarization experiments employing scattering from helium as a 
criterion. Their results have been confirmed by work of Rose and collaborators 
at Harwell with a different geometry. 

Breit then went on to summarize the theoretical information that can be 



147 


gleaned from the experiments just described. Despite their diversity, and 
despite the considerable improvement in precision over the results available a 
year ago, it is still true that surprisingly little of a quantitative nature can be 
said about the phase shifts that are being brought into play in two-nucleon pro¬ 
cesses at around 300 Mev, One definite result, coming from inspection of the 
p-p polarization, is that F-wave effects are significant. Going slightly further, 
it can also be said that effects arising from coupling of 3p^ to 3 Fz are not in 
themselves sufficient to account for the experimental data; bona fide F-wave 
scattering, introducing phase shifts of the order of 10 ° to 15 u , must be involved 
In order to describe the forward peaking of the p-p cross section, as observed ’ 
at Carnegie Tech and at Chicago, Karplus and Ruderman have made use of a 
general theorem, due to Kramers, that relates the forward cross section to a 
certain integral of the total cross section over the energy. The function 
required for this calculation, was given a form that agrees reasonably well with 
the available data, and the forward part of the cross section was then found to be 
properly described. It should be noted that work at Brookhaven has extended the 
information on elastic p-p scattering to 1 Bev. The main features of the process 
were found to be preserved in this energy region: the cross section is peaked 

* n 6 orv,ard direction, and the rise in total cross section observed at 500 Mev 
has been found to be due almost entirely to inelastic processes, so that the 

elastic part of the large-angle cross section maintains approximately the same 
value observed at lower energies. 

Sachs has made calculations that attempt to account for nucleon magnetic 
moments, using a model of two mesons in p-states at a distance of * /a U c and 
h,s derived • core r.dius of 0.34 x H>-» cm. The results of Smith, Reynolds 
and Snow, on the other hand, which involve an interpretation of shadow scattering 
require a radius of about 0.7 x 10-13 . These values appear to be in agreement 

Yennie 606 ° n electron-nucleon scattering which, according to 

Yennie, indicate a proton radius of 0.7 x 10" 13 cm 8 

, £ ina " y * u Breit mentioned a semi-theoretical approach that has been examined 
y Feshbach and collaborators, who have solved a boundary-value problem 

Th ln J rmS n° f the l0garithmic derivative of two spatially separated nucleons 
This p roc ed h d b previously used by others to account for low-energy 

strl edThat a e fa 1 f e ? e * ded the idea to -elude p-waves, and has demon¬ 
can beevolved " " ° f ™derately high-energy phenomena 

gave^Tn'acTount 3 of're^Tnt^ workTerformed^y^ ^ aS praSen ^ e d by Hafner, who 
Chesnut, Baskir, and Spital) in con^ Haf “«* 

nucleons scattered by nucleons and nuclei It was l l l T P ° larlZatlon of 
had been found for polarization of neutrons produced atTIo ^ 6VldenCe 

Be and C. The asymmetries observed in second Taft T 7 Pr ° t0nS ° n 

quite small when one observed protons ud to TT + 8 fr ° m H an d C were 

of the asymmetry was positive in this region for both H a J r ' gR 

and for both Be and C as first targets Aeas ^ H and C as second targets, 

verse at about 40°, while the C asvmm t Y m metry for H appeared to re- 

, nue the O asymmetry remained positive up to 55°. Esti- 
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, tes of the po^nzation, P, for the n-p scattering indicated values of the order 
of 0.15 at Z0 (proton lab angle), and something of the order of 0.50, with opposite 
sign, at 55 . Since this report was made, the experiment has been repeated in 
order to verify the reversal and subsequent large polarization; and as a check 
against certain systematic errors, data were taken on three first targets, so 

situated as to give equal and opposite first angles as well as a first angle’ of zero. 
The result was in good accord with the earlier conclusions. 


Attempts are being made at present to extend these measurements to larger 
proton angles by observing neutrons at small angles. No significant data have so 
far been obtained with H as second target using the CH Z - C difference; the 
scattering of polarized neutrons from C, however, has yielded some preliminary 
results. Neutrons were produced at 21° from protons on Be, with polarization 
assumed from the previous work to be 0.15. Second-scattered neutrons were 
detected in a large liquid scintillator mounted on a precise rotating arm. The 
asymmetries observed were p ositiv e--i.e., the count was higher on the left when 
neutrons were produced to the left in first scattering. The polarization deduced 
for the neutron-carbon scattering was as .follows: 


second angle (lab) 
10 ° 

2 0 ° 

35° 


P C 

.80 ± .09 
.68 ± .10 
.52 t .25 


The effects are of the same order of magnitude as those observed in proton- 
carbon scattering (see below). 

At the same time, Baskir and Chesnut 
have been making measurements with 
a highly polarized (P = 0.9) proton beam 
produced by 240 Mev protons scattered 
at 15° by Be and C targets in the cyclo¬ 
tron. A schematic of the experimental 
arrangement, which is typical of all 
work of this kind, is shown in Fig. 1. 

The first-scattered beam is brought out 
through shielding and an analyzing mag¬ 
net to a second target mounted at the 
center of rotation of an accurate rotat¬ 
ing arm carrying a counter telescope 
for observation of second scattering. 

An accurate line-of-sight, to which the 
second scattering angle is referred, 
passes through the centers of two slits 
in the fir st-scatter ed beam, and the 
slits are placed in such a way that each 
is illuminated symmetrically about its 
center. Using this equipment, Baskir 



Fig. 1 
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has studied the asymmetry of second 
scattering from H, and has obtained the 
results shown in Fig. 2. In this 
measurement, the final telescope was 
set to accept protons above a threshold 
corresponding to an incident energy of 
200 Mev. Some of the data were taken 
with C first target, and some with Be; 
the calculation of polarization for the 
second scattering was based on cali¬ 
brations of the strength of polarization 
in first scattering which indicated that 

P C (15°) = 0.91 ± .01 and P Be (15°) = 

0.82 ± .01. The points plotted at the 
smallest angles include data taken both 
with CH^ - C difference and with liquid 
hydrogen, the results from the two 
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methods having been found to be in good agreement. There are indications in 
this work that the polarization angular distribution departs from the sin 2 
function in the same general way as that seen at other laboratories 


Chesnut has examined the angular distribution of the asymmetry of the scatter¬ 
ing of the polarized protons from carbon, using the same equipment. His aim 
has been to separate elastic scattering from inelastic scattering, and thus to 
study the polarization in elastic scattering alone. This is not a simple matter in 
the case of carbon, whose first excited state is at 4.4 Mev and may contribute 
very significantly to the scattering, particularly at large angles. It is believed, 
however, that this separation has been achieved with good success, as the re¬ 
sult of a number of checks that were made against inelastic scattering in the 
course of the work. First, a weak beam of fairly monochromatic (about 3% full 
width at half maximum) protons was obtained for preliminary runs The beam 
was passed directly through the telescope, the last counter of which contained a 
crystal thick enough to stop all protons. The spectrum of the beam was recorded 

K n T!! e " height anal y zer - A c °PP er absorber thick enough to degrade the energy 
by 4.4 Mev was then placed in half of the beam, so as to simulate a 50%mixture 

of inelastic scattering; the resulting structure produced in the spectrum was 

clearly evident. The telescope was rotated to 15°, without the absorber and the 

same beam was scattered from a carbon target. The spectrum of scattered 

cUdld tLt W l" d r ViSi ^ le f trUCtUre . Under theSe conditions, and it could be con- 

l—. a 1 M ^ ^ ~ ^ total count. 

7 * a + SymmetrleS ^ ere beln 8 measured, further checks against inelastic 
contamination were made possible by the fact that data were taken simultaneously 

energy tail of the proton distribution. From a knowledge of the strength o fnci- 
dent flux corresponding to each channel, the channel dependence of thf cross 

section could be ascertained. It was clear that atl 5 ° th 

entirely elastic, while at larger angles considerable ’ * he severing was almost 

5 Angies considerable inelastic scattering was 
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entering the lowest channels. Finally, it was possible to conclude from the 


relative counting rates in the four channels that the highest channel 
tially free of inelastically scattered protons at all angles up to 35° 


was essen- 



Fig. 3 shows the data that have so 
far been obtained in the highest chan¬ 
nel. The points are the observed 
polarization for 230 IVIev protons 
scattered from C, as a function of 
laboratory angle. When these re¬ 
sults were obtained, it was imme¬ 
diately clear that they bore a strong 
resemblance to the calculations 
that have been published by 
Sternheimer using the optical model 
of Taylor and, following the sug¬ 
gestion of Fermi, an j£*s coupling 
of the strength required to account 
for shell behavior. Calculations of 
the 40 phase shifts required for 
230 Mev protons on C were there¬ 
fore carried out, and curve ( b) of 
Fig. 3 shows the prediction of the 

model when the spin-independent potential is chosen to be intermediate between 
a square well and a harmonic oscillator function. It was then found that a set of 
phase shifts perturbed from these values could be used to fit the experimental 
data more accurately; the best fit is shown as curve (a). We see that agreement 
is good up to 32.5°, but that the predicted polarization is somewhat higher than 
what was observed at the two larger angles. The discrepancy may arise from 
one or more of the following uncertain features of the work, none of which re¬ 
flects on the adequacy of the model. First, it may be that the WKB approxima¬ 
tion, which has been used in the calculations, is not sufficiently accurate at 
large angles, but it should be noted that Fernbach et al. have recently found ex¬ 
cellent agreement between WKB and exact calculations of the asymmetry in 
nucleon-carbon scattering, for a particular choice of potentials. Second, the 
angular aperture of the telescope may produce a significant smearing of the 
sharp maximum. Finally, the deviation is in the direction that one expects for 
a small mixture of inelastic scattering, and, in fact, may be providing a sensi¬ 
tive indication of how much there is. It was observed that the angular dependence 
of the polarization in lower-energy channels showed a strong systematic depend¬ 
ence on energy at the largest angles, where the polarization becomes progress¬ 
ively smaller as one observes scattered protons of lower energy. As a last 
point, it can be reported that the angular dependence of the unpolarized cross 
section was calculated from the same phase shifts as those used for curve (a) 
of Fig. 3. The agreement was excellent at all angles. 
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Segre presented a paper on some details 
of recent work that has been carried out by 
the Berkeley group, some of which had been 
briefly summarized by Breit. The extent to 
which Coulomb interference shows up at 
small angles in the Berkeley work is shown 
in Fig. 4, which plots the unpolarized p-p 
across section at 330 Mev. The data shown 
here combine results obtained in photo¬ 
graphic plates with those obtained in coun¬ 
ters, and the curve is normalized to 
3.7 mb/ster. in the region of pure nuclear 
scattering. The solid curve was calculated 
simply as the sum of the Coulomb cross 
section and a constant nuclear term; the 
deviations that appear around 10° are taken 
as evidence of destructive interference 
between the two. The data obtained on 
polarization in the p-p scattering at energies Fig. 4 

near 300 Mev are shown in Fig. 5. This is 
the work of Chamberlain, Pettehgill, Segre^ 

Tripp, Wiegand, and Ypsilantis. Included in these data are some points taken by 
counting coincident protons from protons incident on deuterons; no significant 
discrepancy between those points and data from straightforward p-p scattering 
is evident. This fact is of importance in connection with the Berkeley results on 
n-p polarization, which come from counting neutrons produced by protons on 
deuterium. The p-p data provide support to the validity of the method. 

Segre then went on to dis¬ 
cuss some results that his 



group has obtained in triple 
scattering of protons. Such 
work was undertaken at the 
suggestion of Wolfenstein, 
who pointed out the extent to 
which it will further refine 
our knowledge of the scatter¬ 
ing matrix. In the first ex¬ 
periment of this type, the 
three events are coplanar. 
The first two scatterings are 
carried out just as in the 
previous work, and the hori¬ 
zontal asymmetry from a 
third target placed in the 

second-scattered beam is 
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measured. The effect of the 
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second scattering is to “depolarize” the fir st-scatter ed beam by an amount D, 
which is so defined that the asymmetry of the third scattering is given by 


e = 


P 3 (P Z + D Pi) 

1 + Pi Pz 


-1 + 2|Pi\ 4rD< l. 
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where P^, Pz, and P 3 are the polarizations that would be produced in each event 
by an unpolarized incident beam. 

These three quantities must be 
known, of course, before D can 
be deduced from the final asym¬ 
metry, and the experimental pro¬ 
cedure for determining them is 
too elaborate to be reviewed 
here. The results obtained for 
D in p-p scattering at 310 Mev 
are shown in Fig. 6 , as a func¬ 
tion of the second scattering 
angle, the second target being 
liquid hydrogen. Inspection of 
the formula shows that if Pz is 
reversed in sign, as it will be 
when the second angle is re¬ 
versed, the asymmetry of the 
third scattering will be quite 
different. However, D is sym¬ 
metric about zero degrees, and 
should be independent of the 
sign of the second scattering 
angle. This fact was used as a 
check on the results, and the 
data of Fig. 6 include points ob¬ 
tained in the two ways. 

Wolfenstein has also sug¬ 
gested another kind of triple¬ 
scattering experiment, in which 
the three processes take place 
in different planes. The scheme 
of the experiment is shown in 
Fig. 7. An unpolarized beam, a, 
is scattered by the first target, 

A, in the plane Tf' . The polari¬ 
zation that results is some 
vector, P^ , normal to that 
plane. The polarized beam, b, 
strikes a second target, B, and 
is scattered in the plane TT 
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normal to ir. The effect of this scattering is to rotate into a “cock-eyed*’ 
direction P c (“c_ stands for cock-eyed”). A third scattering is then carried out 
in the plane / 7r" , and serves to measure N 3 , the component of P c normal to 'TT'\ 
A “rotation” parameter, R, is defined so that the asymmetry in the final scatter- 
ing is given by 


= P Y P 3 R, 


2 i 


R <(\ - P? ) 


the P s having the same definition as in the previous experiment. Results ob¬ 
tained so far by the Berkeley group on the rotation parameter R for p-p scatter¬ 
ing at 310 Mev are shown in Fig. 8 , as a function of the angle of second scattering 
In an attempt to coordinate 

the wide variety of experimental 
information that they have accu¬ 
mulated on p-p scattering, the 
Berkeley group has undertaken 
the program of calculating the 
scattering matrix for S, P, D, 
and F waves, neglecting Coulomb 
effects. Segre stated at this 
point that the calculations also 
neglected relativistic effects, 
but Breit interjected the com¬ 
ment that, if Coulomb effects 
are ignored, no further relativ¬ 
istic matters enter the work 
since “the phase shifts in center- 
of-mass are well defined”. 

Segre: “Well, what we have 
done, for example, is to assume 
that the protons come off at 90° 
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in the laboratory when actually they do not.” Breit: “Ah, then what you mean is 

that you have been careless with some of these things.” Segre: “Yes, but the 

problem is already complicated enough.” The calculations have assumed that 
"hase shifts are to be found for the following states: 3 Pq 3p 3 p 1- 

F 2 and F 4i and that a coupling parameter is required between the 3p 2 and 3 p 

first S Fo ° typeS ° f . f ° rmulae have been developed in the calculations. In the 
written as r r r t ° btained from analysis of the experimental data are 

FouriTr a IT ^ / P and cou P lin g term - In the second approach, 

, T: L TT t' emenlS 0t ‘ h ' can be written " 

from h th f " Cattermg Phase shifts - Numerical calculations have been begun 
from both of these points of view Future + u- . , oegun 

ments of P at energies down to 200 ivr P *" f thlS 8 rou P include measure- 
work in that reom • + • . Mev in order to achieve overlap with other 

sible at the lower energieT PoUHzat^measurement of D and R will be pos- 

g e . Polarization in n-p scattering will also be measured 
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and observation of D and R for this process, using triple scattering, may be 
attempted for this process. In response to questions about the n-p work at 
Berkeley, Segre made it clear that all of the information they have at present 
about the n-p polarization comes from experiments with polarized protons on 
deuterium, the assumption being made that the neutron is free. Tinlot raised 
some questions as to the validity of this assumption under conditions where a 
limit has been placed on the number of phase shifts that are supposed to matter, 
and where the presence of the additional nucleon may produce effects arising 
from the Pauli principle. Segre said that the best defense he can give for the 
assumption is that it seems to hold very well when they compare p-p polarization 
obtained from hydrogen with the same process in deuterium. No difference has 
been found. Bethe commented that what one is dealing with in this problem are, 
in n-p scattering for example, the phase shifts for the incident proton and the 
target neutron only; the fact that the incident proton may have high angular 
momentum with respect to the target proton may be immaterial. 

Wolfenstein spoke next, and concerned himself with a description of the p-p 
interaction at 135 Mev. It is his opinion that the most profitable thing to do at 
present is to attempt to fit the data at an energy low enough to make the effects 
of D-wave and higher small enough to ignore. 135 Mev may be such an energy. 
One can write a set of conditions that uniquely determine the S- and P-wave 
phase shifts at this energy; they are as follows: 

i) the nuclear cross section is isotropic, 

ii) the value of the nuclear cross section is 4.0 mb/ster., 

iii) the polarization is described by P = 0.17 sin<9 cos^ , 

iv) the Coulomb effect is one of slight destructive interference; this is 
summarized by saying that the cross section is still 4.0 mb/ster. at 
15° center-of-mass, 

v) the polarization is positive, and 

vi) the S-wave phase shift is positive. 

The conditions, written this way, have the disadvantage that they are not in all 
cases in agreement with experiment; for example, the polarization has been re¬ 
examined at Harwell from 30° to 90° in center-of-mass, and has been found to 
show a significant deviation from the sin 6? cos^ function (Rose’s estimate is 
that the probability is 1/100 that the deviation is statistical). The advantage is 
that they give a unique answer ( 4t we can’t expect both an answer and the truth ), 
as follows: 


P-wave 

S-wave 

Jo = -47° 

J, = 7.9° 

3.7° 

0 

II 

V 


Some features of this are of interest. First, the S-wave phase shift is lower here 
than at low energies. It need not really be as low as \Z°; the low cross section 
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and high polarization imply that it is certainly less than, say, 40°. Second, since 
the polarization is positive, it is impossible to have a solution for which the J = 0 
phase shift is large and positive. This is important because a large positive G 
might have been invoked to account for the flatness of the cross section. Isotropy 
and the sign of P do, in fact, determine, however, that cf 2 must be positive. 
Wolfenstein feels that we are now not far from knowing these phase shifts fairly 
well, particularly if more experiments are done at slightly lower energy. 

Wolfenstein also made some remarks about what can be deduced from the 
triple-scattering experiments. For example, the Berkeley experiment has shown 
that D = 0.7 at 90° in 310 Mev p-p scattering. This tells us in particular that no 
more than 30% of the scattering at 90° occurs in singlet states. On the other 
hand, the value of R observed at 90° indicates the amount of singlet-triplet inter¬ 
ference. The measured value, R = 0.6, taken together with D, define in principle 
the relative amounts of singlet and triplet scattering. 

Feld remarked that, although the isotropy of the cross section is takdn into 
account in the analysis, it may not be given the weight that, psychologically, one 
is inclined to give it. He feels that the flatness of the p-p cross section is perhaps 
an obtrusive hint that the P-wave phase shifts are more simply connected than 
they appear to be in a calculation that weighs the isotropy equally with everything 
else. Feld also suggested the possibility that F-wave scattering can account for 
much of the polarization, while contributing little to the cross section. 

Wolfenstein was quick to say that there is probably little truth in the picture he 
gave: “I am not trying to sell these phase shifts.” 

Following this, Breit reported on a program of phase-shift calculations that 

is being prepared for the Univac, in order to fit the polarization data from 310 

Mev p-p scattering. The plan is in some respects similar to that described by 

begre. The machine will be programmed to search for the best P-wave phase 

shifts, for example, when everything else is assigned. It will examine the results 

by least squares, then vary one phase shift at a time until the mean deviations 

fall below a predetermined amount; it will then search in more detail Some 

analysis of the polarization data has already been made without the Univac 

Chamberlain had made a fit, by eye, to the Berkeley data in terms of spherical 
harmonics, as follows: ^ 


P = sin & (0.786 Pi + 0.2503 P 3 + 0.1256 P 5 ). 


A least squares fit to the same data 


gives 


[fo.749 t .042) p, + (0.233 ± .051) Pj + (0.073 i . 054 ) p3 
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tested for goodness of fit; the agreement therefore ought to be good. Breit 
pointed out, however, that whereas Chamberlain analyzed only the Berkeley data, 
the least squares result at Yale includes both the Berkeley and the Chicago ex¬ 
periments, even though there is a slight difference in energy between the two. 
Breit also reported that a great many sets of phase shifts had been calculated, 
each of which fits the polarization and the nuclear part of the cross section. The 
Coulomb effects were left out because it was felt from the beginning that their 
proper relativistic treatment had not yet become clear. In fact, it has since been 
discovered, in reexamination of the Coulomb interference, that terms resembling 
the effects of tensor forces appear in addition to the spin-orbit terms. Out of 
about ZOO sets of phase shifts that were fitted to the polarization, only a few gave 
reasonable values of the cross section. Two of these sets, together with the 
triplet differential cross sections that they predict at 26° and at 90°, are as 
follows: 



ing of nucleons by complex nuclei. Rose presented a report of the recent 
Harwell work with polarized protons, carried out by Dickson, Salter, and Rose. 
The Harwell cyclotron accelerates protons to 166 Mev. A 135 Mev 70% polar¬ 
ized proton beam is produced by scattering at 20° from an internal carbon tar¬ 
get, and brought into the laboratory through a magnetic channel. Asymmetry of 

second scattering is then observed in the usual way. 

As an improvement over range methods of separating elastic from inelastic 
scattering, the Harwell group has been developing a technique of measuring the 
total energy of the scattered protons by stopping them in a Nal crystal. The 
crystal is the second of a doubles telescope, and its signals are carried to a 30- 
channel pulse-height analyzer. It is important that nuclear absorption is not 
large at 135 Mev, so that about 70% of the protons reach full range (2.5 inches) 
in the crystal and develop a single peak. The unpolarized beam, with an energy 
spread of about 1.5 Mev, produces peaks of width around 3 Mev; unfortunately, 

the polarized beam has a spread of about 8 Mev. 

Fig. 9 shows some of the pulse-height spectra. The top curve was taken in 

the direct polarized beam, and shows its energy spread and a small tail arising 
from nuclear absorption in Nal. The second and third curves were taken on pro¬ 
tons scattered at 24° from C and Fe respectively. Even after correction for 
nuclear absorption, they still show considerable amounts of inelastic scattering, 
which clearly contributes something significant to the counting rate under t e 
peaks. The subtraction of this background was made in a way that is presume 
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free of subjective error. A quantity f 
is defined as the ratio of the estimated 
background to the count in a standard 
energy band just to the left of the peak. 
For each target element, p was plotted 
as a function of £? , data for left and 
right scattering both being included. 

A smooth curve was drawn through the 
points, and the correction was thence¬ 
forth made by taking the product of(° 
and the number of counts observed in 
the standard band. 

Fig. 10 shows results obtained for 
Fe as second target. The upper curves 
show the left and right counting rates 
on an arbitrary logarithmic scale. We 
see a region of Coulomb scattering, a 
principal diffraction maximum, and a 
second diffraction maximum. The lower 
curve is the asymmetry, e, defined in 
the usual manner. The structure of 
this curve, not clearly established by 
the statistics of the one run, is charac¬ 
teristic of what is seen in all of the 
data presented by Rose, including 
measurements on A1 and on C. There 
is always a sharp rise from zero asym¬ 
metry at about 5°, a leveling off near 
10°, followed by a linear region where 
e is proportional to & , and a maximum 
near 20°. It is known that the sharp 
drop in e at small angles is not the re¬ 
sult of multiple scattering. Worth 
noting is the fact that not only the 
angular dependences but also the 
strengths of e are approximately the 
same for all three of the elements 
studied. The fact that the polarization 
is almost independent of Z for angles 
less than that corresponding to the first 
diffraction minimum cannot be recon¬ 
ciled with a square well spin-orbit 
potential, though it fits well with Fermi’s 
original derivation based on a spin- 
orbit force concentrated at the surface. 

In addition, the polarization at small 
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angles (between the Coulomb region and the first diffraction minimum) is approx- 

imately a factor of ten too small for a square well spin-orbit potential of accept- 
abLe strength. ^ 

The region from 5° to 10° in C has been studied with improved resolution, and 
it has been found that the cross section undergoes a pronounced dip (about 20%) 
near 5 , while the asymmetry shows a small peak at the same angle These 
effects are believed to be the result of destructive interference between Coulomb 
and nuclear scattering. A simple qualitative picture, suggested by Cassels, can 
be invoked to account for what happens. 

Let R, L, and C of Fig. 11 represent 
amplitudes for right and left nuclear 
scattering and Coulomb scattering, 
respectively; we assume that the Coulomb 
and nuclear amplitudes are exactly op¬ 
posite in phase. Restricting ourselves 
to the small-angle region, we know that 
the mean value of R and L will be 
roughly constant, but that their differ¬ 
ence will increase, let us say linearly, 
with angle. Thus, nuclear scattering 
alone will produce asymmetry of type 
(a) in the lower curves. But C is very 
rapidly diminishing as the angle in¬ 
creases. When it becomes equal in 
magnitude to L, the asymmetry will 
have grown to -1. Then it will reverse 
sharply as C becomes equal to R, where 
it will become +1. At larger angles, C 
becomes negligible, and e passes into 
its linear region. These effects give 
curve (b). The angle at which e = 0 in 
this picture is estimated to be 4-5° for 
C, increasing only slightly for A1 and 
Fe, and this is in good agreement with 
the observations. But the description 
is certainly over-simplified, since the 
phase relations are undoubtedly not so 
simple. However, the qualitative 

features are, perhaps, stable enough to show that the interference is destructive. 

The results suggest that large amounts of polarization may be involved in 
scattering at small angles; it would appear not improbable that significant 
polarization occurs in multiple scattering, since the asymmetry is expected to 
remain negative at all angles below the crossover. 

A study has been made of the variation with energy of the asymmetries at 12° 
and at 16° in C, Al, and Fe. All data show steady decrease as the energy is 
lowered. The C and Al curves fall to very low values at 60 Mev, while the Fe 
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asymmetry is zero, or perhaps negative, at 75 Mev. The proton energy was re¬ 
duced for this work by passing it through aluminum absorbers, which ought not 
to reduce the polarization significantly. The results obtained here are to be con¬ 
trasted with other data, in whichthe polarization changes very little from 130 to 
400 Mev. The interpretation of the sharp drop with energy is not clear. 

A determination of the absolute sign of the polarization is being carried out 
by Brinkworth and Rose. The first-scattered beam is reduced to a few Mev (a 
band from 4.5 to 9 Mev) and scattered left and right into photographic plates in 
five atmospheres of helium. The mean scattering angle is 127° in center-of-mas s. 
From known phase shifts for this scattering, one anticipates a left-right ratio of 
3.6 or 0.28, depending on the sign of polarization. The scanning that has been 
carried out to date shows, after correction for background, 34 t 7 everts to the 
left and 18 ± 6 events to the right, a result which is consistent only with a ratio 
3.6. The polarization is thus known to be “positive”, meaning that the direction 
of predominant spin is parallel to the direction of rotation in the scattering of 
an originally unpolarized beam. It is the same sign as that required to account 
for shell behavior in nuclei. 

Se g r ' e described some of the work that has been done at Berkeley on polariza¬ 
tion by complex nuclei at 310 Mev. In the case of He, it is of course quite cer¬ 
tain that all of the scattering is elastic. P rises to a maximum of 0.8 at 140 (lab), 
and falls smoothly through zero at 26° to -0.8 at 34°. The behavior of C is very ' 
similar to this for angles smaller than 20 °, a fact that had been predicted by 
calculations using the impulse approximation. Heavier nuclei, however, show 
more complex structure at small angles: in Ca, for example, P has a maximum 
of 0.6 at 10°, a sharp minimum of 0.4 at 13°, and a second maximum of 0.8 at 18°. 
The first diffraction minimum in Ca also occurs at 14°, and similar correlation 
between minima in polarization and cross section is observed in other nuclei. 

No dependence of polarization on spin of the target nucleus has been found. Rose 

remarked that data obtained at Harwell on Ag, Cd, and In show no significant dif¬ 
ferences in the region of first diffraction minimum. 

Waller presented a report on calcu¬ 
lations, carried out by S. Kohler, of 
differential cross sections and polariza¬ 
tions for scattering of protons and 
neutrons by Cu at 150 Mev, using an 
optical model. The spin-independent 
neutron-nuclear potential was of har¬ 
monic oscillator form, with maximum 
depth 37.5 Mev (mean depth 15 Mev), 
added to a similar imaginary potential 
corresponding to an average mean-free- 
path of 6.67 x 10“^ cm (Taylor, Phys. 

Rev. 92, 831 (1953)). The spin-orbit 
potential, following the suggestion of 
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Fermi, was taken to be 
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F ° r the CaSC ° f P rotons » the Coulomb field due to a uniform charge distribution 
was superimposed. Phase shifts were calculated in WKB approximation 

(Fernbach et_al., Phys Rev. 75 , 1332. 1949). Fig. 12 shows the results of the cal 
culation, the solid curves applying to proton scattering and the dashed curves to 
neutron scattering. The effect of the Coulomb field is considerable and of the 
correct nature to account for some of the features of the Harwell experiments 
that have since been carried out. The strength of the polarization is in good 
agreement with the Harwell results. Bethe asked if the sensitivity of the results 
to changes in the radial dependence of the spin-orbit term had been studied; 
Waller replied that calculations along these lines are not yet complete. 


Marshall presented some of the recent work carried out by the Chicago group 
Studies have been begun on the asymmetry of elastic scattering of polarized pro¬ 
tons from Ag and Br in G-5 emulsion. 60 tracks have been counted, and show a 
fairly definite positive effect, with a possible dip at around 8°. Counter measure 
ments of the asymmetry of 425 Mev polarized protons elastically scattered by Be 
have been extended to 30°, supplementing the small-angle data already published. 
The polarization has a maximum of 0.6 at 10°, then falls smoothly to zero at 30°; 
at larger angles, the count is lost in background. Finally, a measurement of the 
absolute sign of the beam polarization has been carried out in a way similar to 
that reported by Rose. The results also favor the interpretation that the polari¬ 
zation is ‘‘positive. Both experiments rely, of course, on phase shifts for p-oc 
scattering that may not be too well established, particularly at around 10 Mev. 

But the experiments are somewhat different geometrically, and so depend in dif¬ 
ferent ways on the phase shifts. It is suggested by Rose that the agreement be¬ 
tween the two results strengthens our faith in the low-energy parameters. 


PeierIs spoke for a short time on the interesting fact that the proton polariza¬ 
tion experiments reported from Harwell cover proton energies that can be 
reached in pion scattering from hydrogen. Suppose, for example, we select pro¬ 
tons recoiling at the angle O from 7T + + p scattering at 169 Mev. G. Feldman, 
at Birmingham, has calculated the angular dependence of the asymmetry that 
these protons will show in a subsequent scattering from C at 16°. This analyzer 
angle was chosen because the proton energy varies with , and the energy 
dependence of polarization by C has been measured at 16°. Assuming Yan g’s 
solutions for the pion phase shifts, Feldman obtains a maximum asymmetry of 
0.15 at ^ = 25°. The Fermi solution, on the other hand, predicts an asymmetry 
of about -.03 under the same conditions, while the Fermi-Metropolis phase 
shifts give -.09. Thus the procedure, if carried out sufficiently accurately, can 
be used to distinguish among these solutions. It should be noted that & , in this 
discussion, is the pion-proton scattering angle in center of mass. Bethe noted 
that the difference between Fermi-Metropolis and Fermi should become much 




larger at higher energies. Feld reported that he has made similar calculations 
for the case of photoproduction of neutral pions from hydrogen, where he finds 
that the recoiling proton is about 40% polarized for Yang solutions, and essen¬ 
tially unpolarized for Fermi solutions. Similar effects arise in nucleon-nucleon 

production of pions and have recently been observed both at Berkeley and 
Carnegie Tech. 
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Tuesday Afternoon: Accelerator Physics, R. F. Bacher presiding. 


Hofstad t er opened the discussion with a presentation of some of the extremely 
elegant electron-scattering work being done by a large group consisting of himself 
and J. Fregeau, B. Hahn, R. Helm, A. Knudsen, R. McAllister, and J. McIntyre. 

A few words should be said about the technique. The electron beam from the 
linear accelerator is magnetically deflected, in order to separate it from photons, 
and brought to a focus at the center of an evacuated scattering chamber two feet 
in diameter. Solid or gaseous targets can be placed at the focus, and scattered 
electrons brought out over a wide range of angles through a thin Mylar window. 

A double-focusing magnetic spectrometer, of the type developed by Hauritsen 
and his associates, can be rotated around the scattering chamber, accepting 
electrons scattered through a given angle into a narrow slit at the entrance of 
the magnet. The widths of peaks observed in this equipment, resulting from 
elastic scattering of electrons by nuclei, are of the order of 0.5% in energy. 

When hydrogen gas is used as the scatterer, elastically scattered electrons 
lose energy (in the laboratory frame) because of recoil of the proton; the loss 
increases with angle. The curve of Fig. 1 shows the scattered energy vs. lab 
angle, for 187 Mev electrons 
incident on hydrogen, calcu¬ 
lated from kinematics; the 
points show the positions of 
peaks observed in the spectro¬ 
meter. The agreement is good 
except at the largest and small¬ 
est angles, where the discrep¬ 
ancies are accounted for by 
energy losses due to oblique¬ 
ness of scattered paths through 
the walls of the gas target. 

The experimental angular 
dependence of the electron- 
proton scattering cross section 
at 189 Mev (lab) is given by 
the points in Fig. 2, with curve 
(a) representing the best fit. 

The first approximation to a 
theoretical description of the 
cross section is given by the 
Mott formula for the relativ¬ 
istic scattering of electrons by 
a positive charge. For the 
case of protons, Rosenbluth has 
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calculated the contributions to the scattering both from the charge and from th 
anomalous moment: 
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where terms without the square 
bracket give the Mott scattering, 
while the remaining terms des¬ 
cribe scattering due to the mag¬ 
netic moment, with k represent¬ 
ing the anomalous part. Curve 
(b) of Fig. Z is the calculated 
Mott scattering alone; curve (c) 
is a plot of the complete 
Rosenbluth cross section for a 
point charge. The errors plotted 
on the experimental points are 
the largest deviations that have 
ever been seen, so that the statis¬ 
tical errors are somewhat smalle 
1 he theoretical curves have been 
corrected for proton recoil. If 
one were to take account of the 
intrinsic moment only (k = 0), 
the calculation would be almost 
indistinguishable from curve (b); 
the effect of the anomalous part 

of the moment is considerably larger. The deviation of the experimental curve 
rom the Rosenbluth cross section (c) suggests that there is a finite size to the 
proton. 3T at this energy is about lO' 13 cm. so that w e expect, roughly speaking 
a proton radius of this order to be significant in giving deviations. The exper- 
'.me" 14 ! curve can. in fact, be analyzed a little more closely by inserting form 
actors into the Rosenbluth expression. An estimate of the proton radius from 
such httempt „ the value (7.0 t 2.4) * 10‘H cm., it one assumes that bo hThe 

LS 'r mi ; ar r diffu “ d over the - o„, 

h z:z r L be e "" ,ad ———<- ^ 

e.e^^r^r^^^-rt^tu 7r hould disappe ^* h - 

been carried out at 100 Mev, and it was eratif * & The Scatterin g has 

deviate significantly from the Mo 8 ra ti ying to find that the results still 

anomalous moment curve. The effec/o/o rat Z^™ ^ err ° rS with the 

would be expected. Hofstadter regards this 00 haS bec ° me ne g li gible, as 

good behavior of the apparatus The e ^ , 93 30 lm P ortant check on the 

pparatus. The experiment has also been done with a 236 
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Mev electron beam. Since the energy upper limit of the spectrometer is 190 Mev, 
the measurements for this case had to be restricted to scattering angles greater 
than 90°. The effect of proton size is found to be greater here than at 189 Mev, 
and in fact leads to (7.8 t 2.4) x 10 -14 cm. for the estimated rms radius, in agree- 
ment with the rs ult at lower energy. 

Fet us turn now to the results 
of similar experiments on deuterium. 

The data of Fig. 3 are typical of the 
spectra of electrons scattered by 
deuterium; also shown is the peak 
for hydrogen, the electron energy 
and angle of observation (70°) being 
the same in both cases. The posi¬ 
tion of the narrow peak at 179 Mev 
identifies it as due to elastic scatter¬ 
ing from deuterium. The group at 
lower energy, having the same mean 
position as the hydrogen scattering, 
cn be thought of as due to inelastic 
scattering or, if you wish, as the 
scattering from free protons in 
motion; it then gives a picture of 

the momentum distribution of the proton in the deuteron. The coincidence in 
energy between the inelastic deuteron and elastic proton peaks was observed at 
all angles, and is expected from the standpoint of theory. 

The elastic scattering from deuterium can be analyzed fairly easily in Born 
approximation; analysis of the inelastic scattering is more difficult, and is being 
carried out by Jankus at Stanford. The angular distribution of elastic scattering 
from deuterons has not yet been very thoroughly studied, and so it is not yet 
clear which theoretical description of the charge distribution is favored by the 
experiment. However, some semi-quantitative features of the deuteron are al¬ 
ready evident. First, the deuteron cross section is lower, by as much as a 
factor of 10 at large angles, than the hydrogen cross section; this simply means 
that the electrons see the deuteron as something rather vastly different from a 
point charge. Next, one can assume a square-well n-p potential of a certain 
range, find wave functions compatable with the binding energy, and calculate 
scattering cross sections from the charge distributions that ensue. In this ap¬ 
proach, zero range with corresponding rms radius 1.53 x 10 cm (barycentric 
coordinates) predicts cross sections that are definitely too high. But ranges 
1.96 (relative n-p coordinates) with rms radius 1.97, and 2.83 with rms radius 
2.20, bracket the data quite well and imply a square-well range between 2 and 
3 x 10“^ cm. Finally, throwing nuclear theory to the winds, one can assume a 
uniform charge distribution of radius 2.1, rms radius 1.63, and still obtain good 
agreement; a gaussian charge distribution would fit equally well. Thus nothing 
new has been learned, but it appears that cross sections accurate to 10%, which 
should be attainable with the present apparatus, will give considerable informa ion 
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about the deuteron structure. 

A similar study has been made for helium, using a gas target filled alternately 
with helium and hydrogen. The hydrogen yield, multiplied by four, gives the 
angular distribution that would be expected from helium regarded as a point 
charge. The experimental helium scattering cross section falls considerably 
below the point-charge prediction, particularly at large angles, and implies a 
form factor appropriate to an rms radius of 1.5 x 10“ L ^ cm. This is just about 
twice the corresponding value for the proton. 

Next, let us consider what happens in electron scattering by medium and heavy 
nuclei. Fifteen elements, from A1 to U, usually in the form of thin foils, have 
been studied. In most cases, the angular distributions show the typical diffraction- 
type oscillations that have already been reported in this work. But in the cases 
of Ta, W, and U, which have large probabilities for quadrupole transitions, the 
diffraction minima are found to be much less definite; it appears that the minima 
are being filled in by some other kind of scattering that is very probably due to 
the quadrupole moment. If the cross sections for 180 Mev electron scattering 
are divided by ctn*^ csc^/^ and displayed as a functio of A 1 /^ si n ^ , the first 
three diffraction minima are found to occur at Z.Z, 3.5, and 4.8 on the abscissa 
for most of the fifteen elements. This result is to be interpreted with caution, 
however, because the Born approximation is not uniformly valid over such a wide 
range of nuclei. 

The scattering from gold, 

Fig. 4, has been analyzed 
with particular care. The 
figure shows experimental 
results for the angular dis¬ 
tribution of scattering for 
four energies of the electron 
beam. The solid curves are \[) ** 

theoretical, using the charge 
distr ibution 

(r)=_&_ 

| + £ l-*5(r-6.5£) ; f 

10 

Plotted as the solid curve in 
Fig. 5. The calculation is 
the work of Yennie and 
Ravenhali, and gives extremely 
good agreement with the ex- ^ 

periments. It has also been 
shown that, for two-parameter 
distributions of this form, 
deviations from the best func¬ 
tion by as little as is indicated 
by the dashed curves of Fig. 5 
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lead to distributions of scattering that 
no longer fit the data. However, good 
fits can still be found for charge dis¬ 
tributions of different essential form-- 
e.g., for functions that are not flat at 
small distances. But all calculations 
agree in fixing a mean radius and a 
surface thickness ** for the distribution. 

It is hoped that, in future work, the de¬ 
tails of the inner part of the distribution 
will be settled by scattering at higher 
energies. Several other elements, 
notably indium, have been analyzed in a 
similar way, and it appears from the results so far that only the mean radius 
changes; the central density and the surface thickness are approximately constant. 

When the electron beam is scattered by light nuclei, the spectra of scattered 
electrons show structure that is clearly the result of inelastic processes. Fig. 6, 
for example, is the spectrum of 189 Mev electrons scattered at 60° from carbon. 
The strong peak at 186 Mev comes from elastic scattering. As we go down into 
the bremsstrahlung tail, we see three additional peaks at low intensity; these 
come from electrons that have left in excited states at about 4.5, 7.8, and 

9.6 Mev. There are well-known 
levels in at these energies. 

Now the intensities of all of the 
peaks decrease roughly expo¬ 
nentially with increase in angle 
of scattering; but the slope of 
the angular dependence, plotted 
semi-logarithmically, is char¬ 
acteristic of each peak. Thus, 
at 189 Mev, only about l/lO of the 
electrons scattered at 60° leave 
the nucleus in the 4.5 Mev state; 
but the yield from this state de¬ 
creases much more slowly with 
angle than the elastic yield, and 
at 90° they are of equal intensity. 

There are also strong energy 
dependences. If we stay at 90° 
and lower the beam energy, the 
relative yield of inelastic scat¬ 
tered falls with extreme rapidity, 
and is soon lost in b r ems strahlung 
background. So the fact that other 
groups, working at lower energies, 
have not seen such structure is 
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accounted for. 

A remark should be made about inelastic scattering involving the 7.68 Mev 
level in C , which is presumed to account for the second inelastic peak seen in 
the experiment. It has been observed that the angular dependences of the scatter¬ 
ing from the 4.5 Mev and 9.6 Mev levels are very similar, but that the dependence 
for the 7.68 Mev level is somewhat steeper. It is altogether proper that this 
level should behave differently, for it is believed to be 0+; the scattering there¬ 
fore, requires a 0-0 transition, which is ordinarily forbidden for electromagnetic 
radiation. It is the fact that the electron can pass through the center of the 
nucleus that makes the excitation of this level possible. 

During discussion of Hofstadter’s paper, Hafner asked whether, in view of the 
fact that inelastic scattering can be significant at large angles, it can always be 
clearly separated Irom the elastic group, particularly in cases like aluminum 
where the first excited state is at 0.8 Mev. Hofstadter replied that the spectro- 
meter is in fact, capable of a resolution of about 0.2%, or 0.4 Mev, and that most 
of the nuclei studied were known to have no levels closer to ground than this 
• question was raised by Bernardini concerning the agreement that one expects 
between these results and experiments with photons, since one can regard the 
elec iron field as the superposition of quanta of the electromagnetic field. Was 
'is agreement found V Hofstadter pointed out that the cross sections so far re- 
ported are not absolute but, in the case of the proton, fitted to theory There is 
s n t ’ 3 ;. f r ;‘ d,rttlve correction to be made to the observed absolute cross ’ 

than IT’ n PPenS th3t the ° f thiS ° n the an § ular dependence is less 

H ‘ measurement of absolute cross sections is planned for the future 

Because we are dealing with large-angle electron scattering, the momentum’ 
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where, again, r is in units of 10~ lJ C m fnmn, , . 

this one is only about half as large *T r - q T h A the function of Fig. 5, 

the mean radius, and are not very dissimilar^ Y &t ab ° Ut 2/3 ° f 

gold implied by the function iust writt^ * e y°^d, the rms nuclear radius of 

by the simpler distribution. It is difficult^ Al V° larg6r than the radius given 
better fit to the data of Fig. 4. A staAi L, ^ Cye . Which Unction gives the 

Vennie went on to discuss the then ^ ^ * n * l V Sls wil1 be carried out. 

the theory of etectron-proton Scattering. At present 
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only a phenomenological description is possible, and this is done by considering 
a Feynman diagram in which a proton with momentum p picks up momentum from 
a photon and goes off with momentum p + q. The most general expression that 
can describe this interaction is 

ft 

€ ^ ^ ^ e 4V4 K* °T'v 


under the restrictions of gauge and relativistic invariance. The first term is the 
normal Dirac interaction; the second arises from the anomalous moment, k, 
which appears as the coefficient of a second form factor, F^q^), multiplied by a 
component of the momentum transfer. The invariant form for the momentum 
transfer, in the laboratory system, is 



4 - 4 1 < 0 * ©4 
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where k is the wave number of the incident electron and the denominator contains 
a recoil correction, E being the energy of the electron, and M the mass of the 
proton. Rosenbluth’s formula for the scattering, already written down by 
Hofstadter, was derived from these considerations. The description is, of course, 
in terms of the transfer of a single photon; the calculation in higher order has 
not been made, but the corrections are expected to be small. The scattering 
cross section can be rewritten, in order to display the form factors explicitly, 
as follows: 


&"(©) = y- 

N NS 




where Oy s represents the scattering of spinless particles. The effect of the form 
factors Fj and F z is to account for whatever smearing of the intrinsic and anoma¬ 
lous moments there may be. Having written the cross section this way, we say 
how it might be possible to distinguish the two form factors experimentally, as a 
consequence of their different energy and angular dependences. One way of doing 
this is to plot <7~(e)/cVs vs. (qV4M 2 ) tan 0 /- 2 . , for a fixed q; the straight 2 
line that ought to result has intercept Fj + q^/4M^ K^F ^ and slope 2(F^ + kF£) . 
The experiment would then tell us how the charge and magnetic moment are 
separately distributed. The separation is extremely difficult, however, at the 
energies used so far, and we look forward to future work at 500 Mev with this in 

mind. 

As Hofstadter has already remarked, the 189 Mev data have been analyzed 
under the assumption that the charge and moment are equally distributed-- 1 . e., 
that F l = F z . Another possible interpretation would set Fj = l, corresponding to 
a point charge, with F z < 1 to give a spread-out moment, one could also assume 
a point moment and distributed charge. While all three models can give the sam 
overall drop in cross section between the smallest and the largest angles, ey 
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differ somewhat at intermediate angles. The present data are fit fairly well by 
both the equal extension and the point-charge models but rather poorly by the 
point-moment model. Because of experimental uncertainties, these results must 
be regarded as extremely tentative. 

A final remark should be made about the meaning of Fj. It is the following 
integral of the distribution of charge over ail space: 



0lr) e_ 1C F' r (dr)*= I 
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the expansion into powers of q being used to define the mean-square radius. 

Now it turns out experimentally that the rms radius of the proton is about 
0.7 x 10 13cm (assuming the model F| = F^). If the integral of pr^ has the same 
magnitude for a neutron and a proton (as it would in a charge independent, no¬ 
recoil theory), then the specific electron-neutron interaction is found to have a 
strength of about 16 kev, which is considerably larger than the potential observed 
more directly in other experiments. It looks at present as if the result can be 
brought into agreement either by making the charge extent zero, putting the whole 
distribution into the anomalous moment, or by assuming that the integral of pr^ 
differs in the two cases due to recoil or other effects (see Foldy, Phys. Rev. 87, 
675 (1952)). Ihese modifications are certainly not what one expects on a simple 

me son picture; a spread-out meson cloud producing the anomalous moment ought 
also to carry charge. 

Yennie was asked what the rms radius comes out to be when all of the spread 
is attributed to the moment. He replied that it is only slightly larger than 
Hofstadter’s value--pe rhaps 0.8 x 10~ 13 cm. It also turns out that the opposite 
assumption, with point moment, does not lead to very much increase in radius 

Bernardim, and also Williams using a slightly different point of view, suggested 
that It may be wrong to restrict the interpretation to a static moment, since the 
energy is high enough to bring in the 3/2,3/2 isobaric state of the proton Yennie 
remarked that the excited state ought, in fact, not to concern us here since we 
are dealing with elastic scattering of electrons, which means that there would 
have to be a transfer of two photons, one for excitation and one for de-excitation; 
term ought to be down by a factor 1/137 from the single-photon interaction 

as tr/h/T "h f WhCther ° r ^ eSUmate C ° Uld be made from this work 
to the average distance of the meson from the nucleon. Yennie replied that it 

15 n0t yCt Clear h ° W radius is to be interpreted in such a way 

tJTOh r I? d ^rTLTyt «ro»p at Carnegie Insti- 

transitions in nuclei irradi.L wUh/.iowL^',Sie”,'' 5 ■ 
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Which these levels can be perturbed: ' cons ider the various ways in 

i) internal screening by the electron cloud inside th 


e meson orbit; the effect 
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is estimated to be very small--only a few volts in the worst case. 

ii) nuclear polarization, an effect that can be considered from the standpoint 
of a liquid-drop model as an interaction resulting from nuclear oscillations; the 
perturbation would be expected to be large in a nucleus like Ta, but in the light 
nuclei it has been estimated to be small. 

iii) fine structure of the mesic atom; this arises from the interaction betwe 
the meson current in the Zp state and the magnetic moment of the nucleus, and 
is again estimated to be small. 

iv) finite nuclear size, giving very large effects for heavy nuclei as shown in 
the work of Fitch and Rainwater, but still requiring significant corrections in Is 
states of light nuclei, going from 0.1Z% in Li to 2.5% in F; the effect of finite size 
is to raise the energy of the level, since it reduces the average nuclear charge 
seen by the meson. 

v) vacuum polarization, a sizable effect in all levels and again strongest for 
the Is state; it effectively increases the nuclear charge seen by the meson and, 
therefore, lowers the energies of all levels; the net effect is 0.4% for the Zp-ls 
transition energy in Li, and rises to 0.7% in F. 

The effects mentioned above, insofar as they are significant, lead to a set of 
corrections that can be handled theoretically in a straightforward manner. The 
corrections used at Carnegie Tech have only been calculated in first order, and 
it is comforting to find that Kroll’s recent refinements of the theory show that 
the higher-order effects are completely negligible in current experimental work. 
The first-order corrections are really better than we had a right to expect. 

Having accounted for the electromagnetic perturbations, we expect then any 
remaining level shifts will be the result of specifically nuclear interactions with 
the meson. Such a shift should again be strongest in the Is state, and it has, in 
fact, been found experimentally that there is no significant nuclear shift in 3d-Zp 
transitions. Therefore, any Zp-ls shift not accounted for electromagnetically is 

ascribed to nuclear interaction in the Is state. 

The experimental technique is similar to that used at Rochester and Columbia, 
and is familiar from earlier reports. When critical absorbers are used in 
measuring X-ray energies, they are inserted just in front of the Nal spectrometer. 
Alternatively, energies are measured by pulse-height in a Z5-channel analyzer. 

As an example of the critical-absorption technique, Stearns showed data on the 
phosphorus 4f-3d transition, the so-called M line, indicating clearly that the line 
falls between the K-edge energies for Z = 58 and 59. In doing the work, one 
notices that the attenuated line is slightly shifted to lower energy; this is the 
result of a large contribution of fluorescent yield from the absorber. Mostly as 
a consequence of the fluorescene, the ratio of unattenuated to attenuated yield is 

usually no more than Z/l. 

Absorption measurements of the M lines from pi-mesic atoms can be used o 
give a lower limit to the pion mass. The mass must, of course, be accurately 
known for the calculation of transition energies, and the Carnegie group had been 
assuming the value Z7Z.5 m e , given by Berkeley. 'Then, the Columbia group re¬ 
ported a value that was several Mev lower. It, therefore, seemed to be a good 
idea to set a lower limit by means of an M-line absorption. Now it happens tha 
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the phosphorus line falls just above the K-edge of 53 Ce; it sets a lower limit of 
272.2 to the mass. Other lines have been used to give upper limits, and the 
present lowest upper limit is 273.6 m e . 

Stearns then presented some of the data from which nuclear shifts have been 
deduced. The energies of the K-lines in Li, Be, B and C have been measured 
both by absorption and by pulse-height analysis; N, O, and F have been done only 
by pulse height. The absorption edges are, of course, absolute, but the pulse 
height data must be calibrated by intercomparison of peaks, including at least one 
absolute standard. When a K-line is being measured, it can usually be compared 
with several nearby peaks of known energy; the Be line; for example, is close to 
the phosphorus M-line, the fluorine L-line, and the chlorine M-line. The primary 
standard is a mu-mesic X-ray, which can be calculated very accurately, and 
when L-lines were used as secondary standards, the absence of nuclear shifts 
was carefully checked by comparison with mu-mesic transitions. The greater 
intensity of the pion lines made them more useful as calibrating standards. 

K-line measurements in B were made difficult by several background effects. 

Ihcrt' was contamination from the carbon K-line coming from pions stopping in 

the fourth stilbene crystal; the line was broadened by an admixture of 3 p-ls 

transitions; and there was a 5% impurity of magnesium in the original targets, 

unearthed in trying to explain why the energy shift wentthewrong way. It was 

found that a rhenium absorber transmitted the B 2p-ls line while attenuating the 

3p-ls and carbon K-line. It was also found, by using natural boron and separated 

B , that the isotopic dependence of the level shift was not large enough to be re¬ 
solved in this experiment. 

The observed percentage shifts for the seven K-lines are summarized in 

Fig. 7. Upper and lower limits given by critical absorption are given by the 
dashed lines in the first four 

cases; for carbon, only a 
lower limit could be found, 
this being the energy at which 
we run out of K-edges. The 
circles and full lines are the 
shifts, with their errors, 
found from pulse height 
measurement. Only statis¬ 
tical errors are shown. Some 
of the most obvious system¬ 
atic errors, such as degrad¬ 
ation by Compton scattering 
and back-scattering, have been 
investigated using natural 
gamma-rays, with null re¬ 
sults. Contaminationfrom the 

carbon K-line comes through 
in most of the runs, but is 
easily subtracted off. Con- 
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tamination from mu-mesic transitions is rarely observed, and is believed always 
to be small. The most difficult systematic error to take into account is the con¬ 
tribution of transitions to the Is state from levels above 2p. In some cases, 
however, it is possible to attenuate the higher-energy components selectively, 
and the observations indicate that their intensity is from 10 to 20 per cent of the 
main transition, and that they have a negligible effect on peak position. 

The crosses in Fig. 7 are the theoretical level shifts calculated by Deser, 
Goldberger, Eaumann, and Thirring, using Orear’s phase shifts at low energy. 
The fit to experiment is better than the theory warrants. The significance of 
these results has been brought out in Bethe’s remarks during the Monday morn¬ 
ing session. 

Under questioning from Bernardini, Stearns reviewed the steps involved in re¬ 
ducing the experimentally observed pulse heights. First, one calculates the 
transition energy from the Klein-Gordon equation, using a point-charge nucleus. 
Then one corrects for the significant electromagnetic effects. The observed peak 
is calibrated in energy by comparison with L- and M-lines in pi-mesic trans¬ 
itions, and also with mu-mesic lines. The standards must, of course, also be 
corrected for all known effects when their energies are calculated. Then the dif¬ 
ference between the calculated and observed pi-mesic K-line energy gives the 
experimental result for the specifically nuclear shift. One could, of course, 
calibrate with natural sources, but it has been felt that the comparison is best 
done against lines produced in exactly the same way as the unknowns, despite the 
fact that corrections must be applied to the first-order calculations of the cali¬ 
bration energies. 


Platt reviewed the recent work done along similar lines by the Rochester 
group, consisting of Platt, Camac, McGuire, Halbert, Kane, and Johnson. The 
effort of the group is directed both toward measurement of line shifts, which can 
be thought of as a consequence of the real part of the meson-nuclear potential, 
and toward measurement of the competition between radiative transitions and 
nuclear capture, which can be regarded as the result of the imaginary part of the 
potential. In experiments of the second kind, one observes the yield of mesic 
X-rays relative to the number of stopped mesons; capture probabilities can be 
obtained, then, if we believe electromagnetic calculations of radiative transition 

rates, which ought to be pu-rely hydrogenic. 

The experimental method is essentially identical to the one described by 
Stearns, the principal difference being the use of radioactive sources rather than 
mu-mesic X-ray lines for calibration of the pulse-height scale. As an example 
of the energy measurements, Platt showed the boron K-line in comparison with 
the 74-kev thallium X-ray in decay of 43-day Hg 203 . Similarly, the nitrogen pi- 
mesic K-line is measured against the 171 kev cascade gamma ray of Cd from 
the decay of 2.8 day In 111 . Mu-mesic X-rays give a contamination in this c , 
and the appearance of a satellite due to Ka and perhaps higher transitions is 
a^so observed. The mu-mesic X-ray enefgies observed in nitrogen and oxygen 

agree with the usual calculations. fhpnret- 

The pi-mesic 2p-ls energies observed in this work, together with 
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ical values (corrected for nuclear size and vacuum polarization) are as follows: 

Table I 



observed 

calculated 

Be 

43 t 3.5 kev 

44.0 kev 

B 

68 ± 3.5 

69.0 

C 

92 ± 7.5 

99.5 

N 

132.6 ± 2.5 

135.4 

O 

162.8 ± Z.l 

176.7 


There is an uncertainty of a few hundred volts in each of the theoretical values, 
corresponding to our unsure knowledge of nuclear radii, but it seems cleai;that 
a nuclear shift is revealed here for the case of oxygen, and perhaps also for 
nitrogen. 

in looking for energy shifts in the L-series, one again wishes to go to as large 
a Z as possible, but the rapid decrease of X-ray yield due to nuclear capture has 
so far set a limit at ^gNi. Here the calculated 3d-Zp transition energy for the pi 
me son is 410. 2 kev; the measured energy, calibrated against the 411.77 kev gamma 
ray in Hg 198 from the decay of 2.7-day Au 198 , is 411 ± 12 kev, indicating no shift 
within the errors of the present experiment. 

W e turn now to the measurement of pi-mesic’ X-ray yields in the K and L 
series. In the following table, total yields are reported as number of X-rays per 
stopped pion. The resolution of measurements in the K series is not yet suffic¬ 
ient to give a separation of Ko< and in a significant manner; in the L series 

the separation becomes feasible, and a breakdown of total L yield into relative 
intensities of , and higher transitions is given in Table II. 

Table II 
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10 
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5 .136 .015 

6 .095 .010 

7 .045 .005 

8 .034 .004 

9 

11 

11 
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.18 ± 

.06 .79 

.15 

.06 .73 

.34 

.03 .70 

.37 
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In the last four cases, only approximate lower and upper limits on the total R 
yield can be given. 

The decrease of yield at high Z is, of course, to be interpreted as an increase 
in the rate at which alternative modes of decay, presumably nuclear capture and 
auger transition, are competing with the emission of a photon in the quantum 
transition. In the Zp-ls transition, the Auger effect is not important, and the 
yield that we measure is given by 


Y = P 


R 

Z P K'T ~C 


where ^Zp the probability that the Zp state be populated, and R/C is the ratio 
of probabilities for radiation and capture. In higher transitions, Auger effect 
begins rapidly to dominate the picture. Even in the K series, the branching ratio 
R/C is. not directly given by the yield measurement, since we need a knowledge 
of P2p. I n some cases, experimental lower and upper limits can be set on this 
probability. In oxygen, for example, an upper limit is 0.8, because 20% of the 
radiation comes from K p and higher transitions; a lower limit is 0.34, the total 
L yield. An extensive table of Auger transition probabilities is now available, 
and is being used in a series of Monte Carlo calculations undertaken by 
Mrs. Mandl. The case of oxygen is the only one calculated thus far, and the re¬ 
sults are consistent with the observed K and L yields and with a value of ?2p 
lying between the limits given above. There is, therefore, some hope that the 2p 
population can be calculated by this method. Finally, it is interesting to notice 
that, if we extrapolate the curve of L yields to very low Z, we reach the striking 
onelusion that in this region the K yield exceeds the L yield. The explanation 
st certainly be that here a very large fraction of the 2p population is the re¬ 
sult of Auger rather than radiative transitions. 


c 
mu 


The next paper was presented by Primakoff , his topic being an improvement 
of the available theory of mu-meson capture, interest in this problem having been 
stimulated by the availability of mu-meson beams from the new accelerators. 

The theory, originally proposed by Wheeler several years ago, treats the capture 
of a negative muon by a proton to give a neutron and a neutrino as entirely 
analogous to orbital electron capture. Then, since the probability of finding the 
mu-meson in the K shell at the nucleus is proportional to Z , and since there are 
Z protons available, the first approximation to the capture rate is proportional 
to Z 4 , at least for light nuclei. Wheeler took account of the finite extent of the 
nuclear charge by using a Z^ ff that he was able to calculate. In this approxima¬ 
tion, then, the ratio of the capture rate to Z 4 ff is a universal constant containing 
the muon-nucleon coupling constant. On thebasisof the notion that a universa 
Fermi-type interaction exists among all spin 4 particles, one would expect this 
constant to be identical with the electron-nucleon coupling constant. Wheeler was 
in fact able to show, on the evidence then available, that the two constants are o 
the same order of magnitude. We also recall that the same coupling appears in 

the description of muon decay. , 

However, recent experimental work of Keuffel (largely unpublished) has shown 
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that, as we go to the heavier elements, the capture rate increases more slowly 
than Z^££; the Wheeler ratio changes by as much as a factor of 4-5 between C and 
Pb. When we review the theory in an attempt to account for this effect, we observe 
at once that the simple description treats the nucleons as independent, and as a 
result does not incorporate quite correctly the action of the Pauli principle which 
will prevent a neutron produced by capture from occupying an already filled 
neutron state. Primakoff has refined the calculation in this respect by summing 
the transition probabilities for capture to all possible final states of the daughter 
nucleus. The calculation is entirely straightforward, except that a correction is 
required to account for the small matrix elements representing transitions to 
high-lying states that are not energetically accessible. The result is that the 
capture rate ought to be proportional to 



where the quantities ex and (3 depend on the expectation value over the nuclear 
ground-state energy eigenfunction of an operator that is essentially the square 
of the interaction Hamiltonian for mu-meson capture. This expectation value can 
in turn be expressed in terms of the proton density function and a nucleon-nucleon 
correlation function within the nucleus. The proton density function can be ad¬ 
justed to conform with the results of electron scattering and mu-mesic X-ray 
experiments; the nucleon-nucleon correlation function can be given some reason¬ 
able dependence on the distance between two nucleons with a parameter that can 
be determined from the known expression for the nuclear Coulomb energy, which 
also depends on the correlation function. It is in this way that the fairly compli¬ 
cated quantities o< and (3 can be explicitly calculated for any charge and mass 
numbers Z and A, and expressed in terms of the nuclear radius and a parameter 
taken from the Coulomb energy; the coefficient of above is then a quantity 

which essentially decreases with increasing initial neutron excess. The theoret¬ 
ical capture rates, calculated from these ideas, are most conveniently tabulated 
by taking each calculated rate, dividing by Z^ ffl and by the ratio of the muon 
coupling constant to the coupling constant for orbital electron capture as known 
experimentally from the analysis of beta decay. The experimental mu-meson 
capture rates are reduced by dividing by and the comparison is as follows: 

Table III 


z 

A 

Theor. 

Exp. 

6 

12 

50 sec" 1 

55, 50 sec 

12 

24 

53_> ) 


12 

25 

49 \ 

42 

12 

26 

46 J 


13 

27 


49, 43, 29 

16 

32 

54 

40, 28 
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Table III (cont’d) 


z 

29 

A 

Theor. 

Exp. 

63 

45"? 


29 

65 

4 z5 

29 

51 

121 

2 9T 


51 

123 

28 J 

22 

82 

204 

14) 


82 

206 

n v 

13 5 

82 

207 

u i 


82 

208 

12 J 



To the extent that the numbers for a given nucleus are in agreement, it can be 
said that the mu-meson and electron coupling constants are the same, and that 
the two capture processes are strictly analogous. The agreement is, on the 
whole, quite satisfactory, but it is clear that much would be gained by repeating 
the experiments with man-made muons. 

Calculations along the same lines will give the muon capture rates in hydro¬ 
gen and deuterium. Here, comparison with experiment will yield not only a 
numerical value of the overall coupling constant without uncertainties introduced 
by nuclear structure, but also a clear indication of the ratio of spin-independent 
to spin-dependent coupling in muon capture. This is again to be compared with 
the known ratio in electron-nuclear interactions. 

Panofsky spoke next, reporting on the results of several experiments being 
done at Stanford by Panofsky, G. Masek, and A. Lazarus; the integrations of the 
Bethe-Heitler formula with form factor were done by G. Rawitscher. He dealt 
first with the direct production of negative muons by the bremsstrahlung of 550 
Mev electrons. Estimates had previously been made of the feasibility of observ¬ 
ing the actual meson pair, either by counting the meons themselves, or by 
measuring the correlated delayed coincidences of decay electrons. Procedures 
of this kind turned out to be too difficult, and it was decided to concentrate on 
single negative muons, with a technique for ruling out pi-mu decay. 

To assist in preliminary thinking about this experiment, G. Rawitscher did 
some integrations of the Bethe-Heitler formula for pair production including 
nuclear form factors. There are some features of the process that make the 
experiment a difficult one. At energies near threshold, the cross section is 
smaller than for electron pairs in the ratio of the squares of the masses. Also, 
the momentum transfer to the nucleus in the Coulomb field is largest near 
threshold, slowly decreasing at higher energy; thus, the decrease in cross sec¬ 
tion due to the nuclear form factor is largest near threshold. At energies far 
from threshold, the main contribution to the cross section is at small angles. 

It turns out, then, that the competition of ordinary pair production is rather 
severe. Since the experiment looks at only one meson, the theoretical cross 
section must be integrated over the angles and energies of the second muon. 
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weighting each contribution by a form 
factor corresponding to the appro¬ 
priate momentum transfer. An inte¬ 
gration must also be carried out over 
the bremsstrahiung spectrum. Fig. 8 
shows results of these calculations 
for nuclear mass numbers 0, 27, and 
63, as a function of meson angle with 
respect to the photon beam. The ordi¬ 
nate here is essentially the cross 
section divided by Z ^, so that the de¬ 
pendence on A that remains is the 
effect of the nuclear form factor. We 
note that the angular dependence is 
steeper for heavier nuclei; for the 
case of copper, the cross section 
falls by a factor of SO between 10° and 
30°. 

Fig. 9 shows in a particularly 
striking manner the severe effect 
of nuclear form factor on this process. 
Here the integrated cross section at 
10 °, given in cm^ per steradian per 
effective photon per energy of the ob¬ 
served muon in units of its rest mass, 
is plotted against atomic number for 
each of three meson kinetic energies. 
Without nuclear form factors, these 
curves would maintain their steep Z* 
dependence into the region of heavy 
nuclei; as it is, they tend to saturate 
around Z = 3 0. f or this reason, the 
Z dependence of the process is a poor 
way of separating mu from pi pro¬ 
duction. Thus, aside from arguments 
based on the absolute cross sections, 
we are led to fall back on the angular 
dependence for discrimination, using 
the fact that photoproduction of pions 
is known not to exhibit any dependence 
as strong as those shown in Fig. 8. 

The experimental arrangement, 

1 * ig. 10, was therefore designed to re¬ 
veal the angular dependence of the 
meson yield. Since the detector re¬ 
quires some rather heavy shielding, 



10 20 30 

ancle of m meson with respect to 

PHOTON BEAM (IN DEGREES) 


Fig. 8 



ATOMIC NUMBER 


Fig. 9 





EXPERIMENTAL set up 

FOP /x-PAIR DETECT 10* 


^ iwiciiiNo '' 

•*>«»€* NO 3 

//// ✓ 

__, CCK»Tl*1 |*V*STlC tCINT- 

L-=J“* - 5i 'LUTON. DUMONT 

D- cm •*•* »-.«»€- 

* * AM^LiriCWSI 



»*f»ON TN*J«CTONY 
CtAO IN MfOlAN NLAN« 

f. ■ . ' 1 > .1*0 tHULOlNO ^ t ^°" M “‘ “ 

*' 5 ' 4 ' 5 ' 4T »o‘ 


»CAI | 


ftCALC 


178 

it turns out to be more 
practical to rotate the 
beam than to swing the 
detecting apparatus in 
the usual way. The elec¬ 
tron beam is brought 
through a steering mag¬ 
net whose position de¬ 
termines the angle at 
which the copper target 
is struck. The arrange¬ 
ment has the additional 
advantage of guarantee¬ 
ing a constant detection 
geometry. Mesons from 
the target pass through 

a first absorber (53.7 Fig. 10 

gm/cm^ of Be), an anal- 

yzing magnet,second absorber (41.3 gm/cm 2 of C), and stops in a third absorb¬ 
er (25 gm/cm of C). Below the third absorber is an electron telescope whose 

signals are accepted in a gate delayed with respect to the 0.5 microsecond beam 
pulse. 

Bet us consider the ways in which the equipment tends to discriminate against 
pion production, entirely aside from the requirements of angular dependence. 
First, the setting of the analyzer magnet is such that negative pions produced in 
the copper target will certainly stop and be captured in the second absorber, so 
that mus from pi decay must originate in flight ahead of that absorber. A calcu¬ 
lation of this process indicates that the number of mus arising in this way should 
be roughly 0.5% of the yield of muons directly produced. It is interesting to note 
a difficulty that arose in the procedure early in the work. At that time, all of the 
absorber material was located at the position of the second of the present set, 
following the magnet. Under that condition, a very high background was produced 
by a process in which electrons, scattered by the copper target, passed through 
the magnet after radiating to the appropriate momentum, radiated once more in 
the absorber, yielding photons that could still create positive pions in the final 
absorber. The effect was eliminated by splitting up the absorber as shown; now 
electrons that can pass through the magnet channel are below the pion threshold. 

On the other hand, a significant number of direct mus are now lost by scattering 
in the first absorber; beryllium was chosen in order to minimize this loss. 

Further discrimination against pion production is, of course, given by the delayed 
gate superimposed on the final detector. A third check against pions can be made 
by replacing the last carbon absorber with aluminum, suitably perforated to give 
the same geometry. From the dependence of the muon capture rate, one ex¬ 
pects the count from A1 to be down by a factor of three. We have a test for nega¬ 
tive muons by such a procedure, without, of course, learning any more about 
where they come from. A firm conclusion that can be drawn at this point in the 
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work is that the cross section is not larger than the theoretical electromagnetic 
prediction. (We recall that the MIT group had set an experimental limit of ZO 
times theory,) 

Next, Panofsky reported briefly the results of a measurement of the mu decay 
spectrum, also being done at Stanford by K. Crowe, R. Helm, and G. Tautfest. 
Momentum analysis is carried out in one of the double-focusing magnetic spectro 
meters constructed by Hofstadter for electron scattering research. The data so 
far obtained are shown in Fig. 1and it appears that the spectrum is not comput¬ 
able with a value of 0.Z5 ____ r _ 

(the current ‘‘western” I 

value) for the Michel I 

parameter, but rather j / ' “ \ 

favors 0.5 (the current \ 2 * 2 0ETECT0R T \ \VH 

‘‘eastern” value), or - / \ \N 1 

i , v . / p-4 o—A 

perhaps something N{E j ' \ \ 

slightly larger. ] / 2i -Al 

Finally, Panofsky / \| | 

mentioned the work that ! A \ T 

is being done by K.Crowe, /y a 1 

R. Friedman, and H. Motz ^ 1 I 

on the measurement of j / | £ ' 

negative-to-positive pion z X 

ratios in photoproduction ^ ^ 

in nuclei at high energy. 6 io 20 ~40 so 55 1 

The equipment used is MEV 

the same as that described Fig. 10a 

in an earlier session in 

connection with photoproduction in hydrogen. The main thing of interest is the 
energy dependence of the ratio. The Cornell group, working at a bremsstrahlung 
limit of about Z70 Mev, has shown that the ratio is anomalously high in Be, and 
an explanation for this has been given from exclusion-principle arguments simi- 
lar to those just discussed by Primakoff. One simply notes that the production 
of positive pions from protons in Be 9 is inhibited by inaccessibility of final 
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states; production of negative pions 
from the quasi-free neutron is not so 
greatly restricted. Reasoning in this 
way, we expect the ratio in a self- 
conjugate nucleus, like C^, to be close 
to unity at all energies; we further ex¬ 
pect that the ratio in Be^ will approach 
unity at higher energies, reflecting the 
fact that the odd neutron is losing its 
special status. T hese features of the 
process are being confirmed by the 
Stanford work, as we can see in the 
sketch of the energy dependence in Be 
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and C, shown in Fig. 11. The cross sections at the lower energies are in agree¬ 
ment with the Cornell results. 

^ QQn reported a result of a cross section measurement for C^(p,pn)C^, ob¬ 
tained by Burcham, Symonds, and Young at Birmingham. The experiment is done 
by irradiating polystyrene discs in the scattered external beam of the proton 
synchrotron. The beam is collimated, homogeneous, and of energy 950 t 50 Mev. 
The activity of the discs was determined by a standardized Geiger counter; cor¬ 
rections for self-absorption were made. The proton flux was measured by count¬ 
ing tracks in a G5 nuclear emulsion. Intensities of about 10 5 protons per cm 2 
per pulse were used, and an ionization chamber monitored the activation pulses 
relative to each other and to the single pulses used for flux determination. 

The cross section at 950 t 50 Mev is found to be 29 t 6 mb. The major 
source of error is in correction for neutron background. This has been made by 
counting proton-indueed and neutron-indueed stars in a nuclear emulsion exposed 
near the polystyrene disc, and by assuming that the (n,2n) cross section is 1/2.5 
times the (p,pn) cross section. It is hoped to eliminate the neutron correction by 
exposure to the internal beam of the synchrotron, and to extend the measurements 
to lower energies. 

Glaser presented a brief report on the present status of bubble chambers. 

At this time last year, the technique did not look very useful because the chambers 
were severely limited in size. The difficulty was that the chambers were 
‘‘almost pathologically clean” to prevent boiling from starting at the walls. It 
was a case of competition between the cohesion of the liquid and its adhesion to 
the glass. The counters had a long sensitive time (several seconds) which would 
be destroyed by the onset of boiling at the boundaries. 

Development of the so-called ‘‘dirty chambers” has led to the utilization of 
large liquid volumes. The construction is now very similar to that of ordinary 
cloud chambers, using gasketed metal-to-glass joints. When such a chamber is 
expanded, it starts to boil everywhere around the liquid boundary. At first sight, 
it would seem difficult to see tracks in a dirty chamber, but we are saved by the 
fact that the vapor evolves slowly, at a rate limited by the heat conduction re¬ 
quired to supply the latent heat of vaporization. The hope is, then, that one can 
expand the chamber rapidly enough, despite the evolution of vapor, to maintain 
the condition of superheating. This turns out to be possible, as we can see if we 
look at a sequence of pictures taken soon after expansion, with a source of radia¬ 
tion near the chamber. 5 milliseconds after expansion, visible bubbles have 
formed; at 6 milliseconds, the original tracks are fatter and new ones have 
appeared, at 8 milliseconds, there are still more new tracks, and boiling at the 
interface has not yet begun to appear. From studies of this kind, it has been 
found that there is a plateau in the sensitive time, during which all minimum- 
ionizing particles produce the same number of bubbles per cm. Chambers have 
been built that are ready for tracks 2.5 milliseconds after expansion, and have a 
subsequent sensitive plateau of about 6 milliseconds. Glaser exhibited photo¬ 
graphs of events produced by 2 Bev Cosmotron protons in such a chamber, using 
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a pentane filling. In 11 minutes of running time, eight TT - -e decays were 
identified, so that these are fairly routine and can be used for an easy identifica¬ 
tion of slow pions. 

Glaser then presented an interesting comparison among the kinds of bubble 
chambers that can now be built, his purpose being to indicate the kinds of exper¬ 
iments that have now become feasible through this new technique. First, he 
stated that the position of an individual bubble can be measured to within about 
5 microns. Distortions of the tracks are about 3-5 times worse than this, but it 
is extremely unlikely that convection of the liquid is responsible for the dis¬ 
tortion. It is believed instead that the index of refraction in chambers built so 
far is not homogeneous. Now successful chambers can be built using working 
liquids other than pentane; in fact, liquid hydrogen chambers are now in oper¬ 
ation. Another possibility is a heavy substance, such as liquid xenon. In the 
table that follows, the utility of a chamber made with one of these three liquids 
is evaluated. Listed here are the densities (in the case of pentane, the hydrogen 
density is 0.1 gm/crn^), radiation lengths, sagittal deviations in 5 cm due to 
scattering of Z Bev protons, the magnetic fields required to give momentum error 
below 10% for relativistic tracks 5 cm long, and cross sections that will give one 
event a day in a 50 cm chamber operating for 8 hours on a 5-second duty cycle 
with ZOO primary tracks in each pulse. The radiation length and minimum field 
for emulsion are also given for comparison. 


liquid 

density 

Table IV 
rad. length sagitta 

min. H 

min CT 


.05 

12BO cm 

2 o Z p 

5500 

580 x 10 

C 4 H 10 

.5 

84 

9.5 

£0000 

58 

Xe 

£.5 

V 

48 

lfcOOOO 

12 

emulsion 


51 

120000 
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cm 


Since the cross section for the production of “strange” particles seems to be of 

the order of 1 mb, many thousands ought to be seen per day in 50 cm of the 

heavier liquids. The design features of the present chambers, which are about 

15 cm long, ought to be readily adaptable to larger volumes. Of course, the 

problem of handling and analyzing an enormous number of pictures must also 

be solved. Secondary particles from stars in the Xe chamber will be stopped 
when ranges are less than 50-100 gm/cm 2 . 

Alvarez followed Glaser with an account of the successful operation of liquid 
hydrogen bubble chambers at the 184-inch cyclotron and at the Bevatron Fie 12 
is a schematic diagram of a 4-inch chamber built at Berkeley. The chamber 
prop er is a brass cylinder with windows at front and rear assembled with lead- 
gaskets. The reservoir above the chamber is a Dewar filled with liquid 
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hydrogen at the boiling point, vented to the 
atmosphere. There is a radiation shield 
at liquid-nitrogen temperature. The bits of 
copper wool in the expansion line tend to 
make the transfer of hydrogen to room temper¬ 
ature and backa gain essentially reversible. 

The small heater is used to keep the hydrogen 
in the expansion chamber at 28° K., the temper¬ 
ature at which it can be brought to the super¬ 
heated condition most rapidly. Alvarez showed 
some of the pictures taken with this chamber, 
principally to demonstrate the sharpness of 
definition and freedom from background that 
can be achieved. In one of the pictures taken 
at the Bevatron, the production and decay of 
a V-particle from a negative pion in hydrogen 
are both visible within the volume of the liquid. 

Serious analysis of such events will not be 
undertaken until a magnetic field can be added 
to the chamber. At the same time, two larger 
chambers are being designed. One will be 

eight inches in diameter, the other considerably larger, with a volume of about 
50 gallons, in order to give a fair efficiency for observation of production and 
decay of V-particles. 
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The last report of the session was made by Crewe, who described the scheme 
of regenerative magnetic beam extraction now in use at the Liverpool synchro¬ 
cyclotron. The essential technical features of the scheme concern the insertion 
of two magnetic discontinuities into the field: there is a region called the 
‘‘peeler” where the field decreases linearly with radius, and another called the 
‘‘regenerator” where the field increases linearly with radius. These perturba¬ 
tions can be so situated that they produce an exponential increase of radial 
oscillation of the beam, while at the same time having only a small net effect on 
the relatively slower vertical oscillation. Le Couteur, in dealing with the de¬ 
tailed theory of the effect, specified a peeler-regenerator configuration that 
would produce an increase of radial oscillation by a factor of 1.5 per turn, and 
that would maintain the nodes at fixed azimuthal positions. The Liverpool extract 
or was designed on this basis, and a magnetic channel was added in such a way 
as to bring the beam through the fringing field when its amplitude of radial oscil¬ 
lation has grown to 3** . Since the amplitude one turn earlier was only 2 , there 

is room for a channel one inch wide. The acceleration of ions is normal in every 
other respect, and the effect of the field perturbations is not felt until the beam 
reaches its 69-inch orbit. The fact that the radial oscillations have stable nodes 
permits the magnetic channel to be aligned by the use of a current-carrying wire, 

with one end fixed at a node. . 

Crewe showed photographs of the installation at Liverpool, and described t e 
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It +Tn7 Ce f " Chieved 50 far - With P eeler an d regenerator positions optimized 
about 20% of the circulating beam can be made to enter the magnetic channel and 

6oTof th er r h ° f beam ShaPe ^ the Channel ^trance it appears that about 
60% of the beam has undergone the proper regenerative motion. About 15% of 

the total 6 "* en J ering the channel survives at the other end. so that about 3% of 
he total circulating beam is being brought into the laboratory. The shape of 

he beam as it emerges is roughly square, 1.5 inches on a side Fifteen feet 

ar er out, it has broadened horizontally to about 6 inches with only a slight 

vertical divergence. A wedge-type magnet can focus 2/3 of this beam to a soot 

about one inch across and one-half inch high, 40 feet from the cyclotron and 20 

feet from the wedge. About 2% of the original circulating beam is contained i» 



Wednesday Afternoon: Summary session, R.E. Marshak presiding 


The theoretical session was summarized by F. J. Dyson. 

I'm glad to say I'm supposed to finish in half an hour, because as a matter of 
fact, to summarize a theoretical session is almost a contradiction in terms. So 
what I shall do is to choose two or three topics which seem interesting. This is 
not fair to the other people, but it can't be helped.. Of the nine speakers, a group 
of five, namely Serber, Fierz, Feynman, Peierls, and Leh mann, were talking 
about technical points inside the theory which it does not seem worthwhile to dis¬ 
cuss here. What these people have been trying to do is to get a better understand¬ 
ing of the methodological nature of relativistic field theory, namely, the whole 
question of whether the relativistic field theories have solutions, and what these 
solutions mean. 


Now we are down to four speakers. Breit gave a discussion of a more prac¬ 
tical question, namely, what are the specifically relativistic effects in the coul¬ 
omb interaction between two protons, when the energies begin to get high, that 
is to say, in the accelerator region. He finds that if you have the interaction 
which is (1 - o<|*o^)/r t there is a tensor force which couples and^F states. 

Yang spoke about a philosophical question, namely, could there exist in nature 
a field which is related to the conservation law of heavy particles, in the same 
mathematical sense that the electromagnetic field is related to the conservation 


law of charge? Yang questions, from the experimental point of view, whether it 
is possible that such a field could exist without having been discovered. The 
answer is that it is unlikely. The manifestation of such a field would be a speci¬ 
fic long range force between heavy particles (nucleons). The strength of this 
force between nuclei would be proportional to the atomic numbers alone, and not 
to the masses of the nuclei. That is to say, particles with different packing 
fractions would produce slightly different effects as a result of this field. If one 
looks at the very accurate experiments which were done by Eotvos many years 
ago in which the differential effects of the gravitational and centrifugal force 
fields are measured to very high precision, one concludes that any such effects 
are very much smaller by a large power of ten than gravitational effects. It is 


conseivable that they exist, but there is absolutely no evidence. 

I now come to the main subjects of this theoretical session which were dealt 
with in talks by Klein and Low. I will take those together. The question which 
these talks centered around is. whether it is possible to derive results from the 
meson field theory if you do not try to treat it in its full relativistic glory, bu 
try to derive from it some working theory which is at least correct in the region 
of moderately low energies. These energies must be small as compared 
the nucleon rest mass, so that you can in some approximation treat the: nuc eon 
mass as being very large and the nucleons as slow. Many attempts in i 
tion have been made. The great success has been the Chew model which con¬ 
siders the nucleon to be a non-relativistic object, and entirely neglects an i 
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nucleons. That is, the nucleon is an object of spin one-half with two possible 
charge states. The nucleon is coupled to a meson field with the gradient coupling 
( O'-P ). where p is the momentum of the meson, and the isotopic spin of 

the nucleon. / f flips over at the same time that the meson is emitted or absorbed. 
It is also assumed that the nucleon has a finite extension, so that the strength of 
coupling is cut down at very high momenta. First, Chew started to calculate 
systematically using this model. He had already discovered in ’52 that it is pos¬ 
sible, using this model, to give a rather sensible account of the p-wave scattering 
of mesons by protons, and also of the photoproduction of mesons from protons. 

So t he Chew model has already been quite successful for two or three years. 

Since then the researches have been directed toward making this model a 
little closer to relativistic theory, or towards trying to prove some general 
statements to the effect that the correct relativistic theory does behave like the 
Chew model in a certain region of low energies. One line of attack is simply to 
make refinements, to take account of the recoil of the nucleons, and to try to 
make it more accurate in detail. The other is to try to show that it is in some 
way connected with the complete relativistic theory. 

F lrst of a11 1 Wl11 take U P th e second approach which was covered in the talk 
by Klein, that is to say, to prove statements about the complete relativistic theory 
in the low energy limit. Statements of this sort are called low energy limit 
theorems, or low frequency limit theorems. There are quite a number of such 
theorems which have been proved by rigorous mathematics, starting off, I believe, 
with the work of Kroll and Ruderman, and continuing with the work of Goldberger ’ 
Deser, and Thirring. The theorem of Kroll and Ruderman is a statement of the 
following kind: if you consider the cross section for photo-production of mesons 
with the relativistic theory, and consider the limit of small meson energies, then 
this photo-production cross section tends to a well-defined limit, which is in 
fact, with appreciate definitions, the result that you would calculate by using very 
simple-minded perturbation theory. The theorem of Goldberger, Deser, and 
Thi rrlng makes the same statement about the s-wave meson scattering and the 
theorem of Low and Chew does it for the p-wave scattering. It is a rather more 
complicated statement in that case, but essentially the low energy limit of the 

metel^Kl Ve ^ det " mined terms of one or two unknown para¬ 

meters. Klein was talking about a systematic method of proving such theorems 

n general. This was illustrated by proving the general theorem about the compton 
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theory to make sense. 

Low, in collaboration with Chew, has made further attempts to extend the 
Chew model in several directions. The idea of this new calculation of Chew and 
Low is that one should try to calculate the meson-nucleon scattering and photo¬ 
production over a reasonable energy range, say from zero to 300 Mev, with a 
model that is a bit better than the original Chew model. This theory includes the 
recoil of the nucleus and does not contain an arbitrary cutoff at high momentum, 
but instead uses a natural relativistic cutoff of the mass of the nucleon. However, 
it still leaves out all effects of nucleon pairs: so it is a compromise theory 
which one hopes will be valid in this low energy range. 

The main point of their work is that they have a new method of doing the cal¬ 
culations, invented by Low, which is a very considerable improvement over what 
they had before. Previously the Tamm-Dancoff approximation had always been 
used, which consisted of an expansion of the total wave function, in amplitudes 
for different numbers of “bare” particles. There were many objections to this 
method, the main one being that the physical particle is related only in a very 
hypothetical and complicated way to the “bare" particle. Therefore, there was 
no good reason to believe that this would be a rapidly converging process. Low 
has invented a new method of setting up the scattering problem, which is very 
elegant, and also practical. 

The meson-nucleon scattering process can be pictured in the following way: 
the physical nucleon absorbs a meson, flipping its spin and isotopic spin. The 

state of this-*iucleon is no longer necessarily 
a single particle state, but can consist of the 
nucleon and any number of mesons from zero 
up. These intermediate states are labeled by 
the letter n. We count in terms of the number 
of real particles and not in terms of (artificial) 
“bare" particles. After having passed through 
these intermediate states, the nucleon flips 
its spin and isotopic spin again, emitting the 
final meson, resulting in the physical nucleon 
and final meson. The matrix element of this 
process is now calculated, taking into account the state in which events happen 
the other way round (the final meson being emitted before the initial meson is ab¬ 
sorbed). One can write down an exact formu¬ 
la for this matrix element, which comes from 
these diagrams by using a little simple algebra 
from the scattering formalism. There is 
nothing highbrow about it. This formula is 






187 

where the first term has the normal energy denominator, and the second comes 
from the diagram in which emission precedes absorption. The main new thing 
which has been developed during this past year is the idea of using such an equa¬ 
tion. 


Why is it better than the old equation? Because, these being physical states, 
and not 1 ‘bar e ”pa rticle states, one can relate these matrix elements directly to 
simple processes. First of all, let us take the case n = 0, that is, the physical 
nucleon. One can show that by rotational invariance, or some other consider¬ 
ations, these matrix elements are the same as are given by Born approximation. 
So the contribution from these terms just gives Born approximation scattering, 
except that, for the benefit of the experts, it is renormalized automatically. What 
about the contribution from n = 1, having one meson and a physical nucleon? Then 
this quantity is precisely a meson scattering amplitude. So we have here exactly 
the same kind of scattering amplitude that we have on the left hand side of the 
equation, only for a different value of the momentum. No one knows how to deal 


with two or more meson states, including Low-. They are very unpleasant because 
they deal with physical processes in which more than one meson is present. You 
would have to construct a much more complicated system of coupled non-linear 
integral equations, which no one knows how to deal with. So this equation is use¬ 
ful in so far as you can cut it off and ignore the two meson processes. But it is 
very clear on general grounds that this is a much better approximation than the 
corresponding one for the Tamm-Dancoff approach, since there you cut off a 
great many things which here you include. 

The final equation is of the form a(q) = b(q) + fL(p,q)a Z (p)dp, where b(q) is 
the Born approximation amplitude. The amplitude a(q) is directly related to the 
scattering phase shift. So now we have, from a practical point of view, an enorm¬ 
ous advantage over the Tamm-Dancoff rrethod in which you have a separate inte¬ 
gral equation for each value of the momentum. Therefore, you would have to 
solve such an integral equation to find the phase shift for each value of the energy 
and in order to get the phase shift over a range of energies, you would have to do ’ 
ten or so complete solutions. By Low’s method, we have one equation for the 
phase shift for all meson energies from zero up. For example, if you want to 
talk about the 3/2,3/2 state, you have only one integral equation to solve to find 
the phase shift for all energies. So you can try out alternative ideas with very 
much more rapidity, and this improves the morale. Just by looking at this equa- 

solving it m a few cases, Chew and Low have come to the conclusion 
that the phase shifts can be very well described by a sort of effective ran»e 
approximation. Chew presented these results on the first day 

It does not exactly follow from these equations that this effective range approx- 
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range model, as 1 understand it, is that it is phenomenological and is of use in 
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analyzing experiments. Whether or not the Low equation will confirm it more 
exactly, we don’t know. 

Klein then remarked that, under very general assumptions, (you have a scatter- 

ing matrix, and the meson is pseudoscalar) if the 11, 13, and 31 phase shifts are 

small, then you can conclude that the 33 phase shift must be enhanced. Both he 

and Low can prove this only if pairs are unimportant. Whether it can be proved 
m the general case is not clear. 

Rainwater’s Summary of the Accelerator Physics Sessio n 

The work reported by Hofstadter and Yennie concerns the scattering of 190 Mev 
electrons by nuclei distributed over the entire periodic table, and has given re¬ 
sults on the energy and angular dependence of the scattering, and on the details 
of inelastic electron scattering in light nuclei. A double-focusing magnetic 
spectrometer, with resolution of the order of 0.2%, analyzes the scattered beam. 
The scattering from deuterium shows a sharp elastic peak and a broad inelastic 
group that can in principle be used to deduce the momentum distribution of the 
proton in a way that is analogous to the analysis of Compton scattering of X-rays. 
The scattering from gold, carried out at several energies between 84 and 183 
Mev, can be rather precisely accounted for by an exact phase-shift analysis 
using a tapered charge distribution of rms radius 1.20 A 1/3 

x lO'^cm. The ear¬ 
lier interpretations of electron scattering were carried out in Born approxima¬ 
tion, in terms of a form factor that is always real and that predicts strong dif¬ 
fraction minima. The fact that strong minima were not observed was difficult 
to account for, but it is now clear that the Born approximation is not valid for 
heavy nuclei, since the exact calculation washes out the minima in just the right 
way. The present experiments do not give a unique form for the charge distribu¬ 
tion near the center; however, this region of the distribution carries relatively 
little weight, and the more significant outer region is now fairly uniquely deter¬ 
mined. All data are now compatible with a radius coefficient of 1.20, which is in 
turn in agreement with the mesic X-ray work. A correlation has been found be¬ 
tween smoothness of the diffraction pattern and strength of the quadrupole 
moment; in tantalum, for example, the diffraction effects are less strong than in 
gold. The scattering from helium has been studied, and shows a deviation from 
point-nuclear behavior that is simply interpreted as an rms charge radius of 
1.50 x 10“ 13 cm, a very small structure. The scattering from hydrogen shows a 
clear deviation from the point-charge Mott formula. If the anomalous moment 
is taken into account, according to the calculation of Rosenbluth, but with charge 
and moment distributions maintained as points, agreement with experiment is 
still not found. The remaining discrepancy can be accounted for by giving finite^ 
size to the charge or moment or both, with rms radius of the order of 0.7 x 10 
cm. If the form factors for charge and moment are taken to be the same, the 
corresponding electron-neutron interaction comes out to be 16 kev, which is 
much larger than the value given by other experiments. A choice of point charge 
and distributed moment tends to remove this discrepancy, but such a situation is 
difficult to reconcile with a simple meson picture of the proton. 
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Stearns reported on the recent pi-mesic X-ray measurements at Carnegie 
Tech, which have been directed toward observing the part of the Zp-ls energy 
shift that is specifically due to the interaction of the pion with nuclear matter. 
Results have been obtained for this shift in Li, Be, B, C, N, O, and F. The shifts 
can be calculated from s-wave phase shifts, and good agreement is obtained 
when Orear’s set is used. 

The Rochester group, whose work was reported by Platt, has also observed 
K-line shifts which, however, are not outside experimental error for elements up 
to nitrogen. The shift in oxygen is well resolved, and agrees with the Carnegie 
result. Platt’s group has emphasized the measurement of absolute yields of K 
and L pi-mesic X-rays, in order to determine the probability that a stopped meson 
will make a transition of a given type. Competing with radiative transitions are 
nuclear capture and Auger effect. The interesting result in the L series is that 
the yield decreases both at low and at high Z. The latter decrease is accounted 

for by increasing competition of capture; the decrease at low Z is believed to be 
the result of strong Auger competition. 

Next, Primakoff discussed the theoretical description of mu-meson capture 
from the K shell. Wheeler’s prediction, that the capture rate should increase as 
Z e ff , is only very roughly confirmed by experiment. By making a more detailed 
calculation, in which the Pauli principle is properly taken into account, Primakoff 
has succeeded in accounting for the experimental facts, using the same coupling 
constant as one obtains in orbital electron capture. He feels that better exper¬ 
iments, with the lightest nuclei, using muons from accelerators, will ultimately 
distinguish the coupling involving spin-flip from coupling without spin-flip, and 
will provide a more detailed comparison with the beta-decay evidence. 

Panofsky reported preliminary results from three experiments. The first is 
the cross section for pair production of muons by X-rays of 550 Mev upper limit. 
Actual pairs could not be counted, but it was possible to count only negative mu¬ 
ons under conditions such that pions could be ruled out as the source of counts 
The Bethe-Heitler formula can be integrated to conform to the conditions of the 
measurement, and it predicts a yield that is essentially identical with the results 
so far. Panofsky wishes to state the result conservatively: the cross section 
cannot be larger than the electromagnetic prediction. The second experiment 
concerns the electron spectrum of muon decay, using one of Hofstadter’s high- 
resolution magnets. The observation indicates a value of the Michel parameter 
in the neighborhood of 0.5 to 0.6, and thus favors what Panofsky calls the “eastern” 
e of values The third experiment involves the negative-to-positive ratio for 
photopion production in Be and C. It is found at Stanford that the anomalously 

Jafis r6 P° rted fr ° m Cornell, is confirmed at the lower energies, but 

faHs steadily at higher energies. This is to be understood in terms of relative 

arguments’ ofP k ’« ’ USing ^ princi P le in a ™nner similar to the 

arguments of Primakoff. 

Moon reported a new value for the cross section of C 12 (p,pn)C 11 at 950 Mev 

^ pv., 

Glaser and Alvarez reported on ci^ + 

purtea on the significant progress made in the last year 
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on the application of bubble-chamber technique to accelerator problems; and 
Crewe presented details of the beam extractor now in operation at Liverpool. 
The general features of both of these techniques are by now familiar to most 
physicists, and need not be repeated here. 



G. Bernadini - Appendix to Session I 


I will start with the photo-neutral pions because this process, from the point 
of view of the interpretation is the simpler. 

The experiment has been done by K. J. Koester and F. E. Mills, and it was an 
attempt of measuring quite accurately the total cross-section of the reaction 
^ +-p-^lT 0 >p between threshold and 250 Mev. Beyond this region we have now 
the very good and extensive Cal-Tech data. This experiment and others (see 
later) now in progress at Illinois, are based mainly on the detection of yield curves. 
We are very confident of this procedure because: 

1. The precision reached by Kerst and co-workers in measuring the total 
photon flux is better than 3%. 

2. The maximum energy reached by the electron beam is very stable and 
well measured (Kerst and co-workers). 

3. It is very easy to change this energy. 

4. he is s and Hanson, with a pair spectrometer, (unpublished) found that in 
the limit of the pair spectrometer resolution (2 Mev) the betatron photo¬ 
spectrum coincides with the Schiff’s one. This is shown in Fig. 33. 

5. With the use of the Illiac electronic-computer an accurate evaluation of 
the cross-section from the yield curves turns out to be a rather easy job. 

The evaluations follow the pattern indicated by Penfold and Eeiss (thesis-Illinois- 
1954). 


A typical example of a yield curve is shown in Fig. 34 which refers to the 


threshold experiment due to J. E. Leiss, C. S. Robinson, and S. Penner already 
mentioned during the discussion of the Bethe’s paper. In the Koester and Mills 
experiment (liquid hydrogen target) one of the fT°decay photons was detected in a 
scintillation counter telescope placed at 85° to the photon beam and composed of 
an anticoincidence counter, converter, and two counters in coincidence. The ef- 
ficiency for the 7S -ray telescope, calculated by a Monte Carlo method, is in good 
agreement with measured efficiencies of a similar counter at Cornell. The beta¬ 


tron energy was increased in 10 Mev steps from 120 to 250 Mev. Assuming an 
angular distribution A° + A° c os 0 + A 2 cos 2 © and applying the Borsellino’s ( * ) 

calculation, it turns out that the differential counting rate I g5 at 85° , as a func¬ 
tion of photon energy, may be expressed by I = A® + fj A° cos 6 + f 2 A° 2 cos 0 
where fj ^ 0 and f 2 ^ 1/3. Thus the data are essentially a measure of o' total = 4TT 

(A 0 + 1/3 A 2 ). The results are very insensitive to the value of A? / A . It was 
assumed that A 2 /A Q = - 0 . 6 . 0 


The logarithmic plot in Fig. 36 shows that between 170 and 240 Mev, CT total 
is proportional to (E -E T ) 2 * , where E is the incident photon energy and E T 
the threshold energy. This large exponent is not surprising because <r total 
arises almost entirely from the “enhanc ed" P-state (I spin = 3/2, J = 3 / 2 ) of the 



Private communication; 
(1952). 


see also Cocconi and Silverman, Phys. Rev. 88, 1230 


191 



pion-nucleon system and it depends mainly upon the energy dependence of the 
corresponding phase shift <f 33 . 

Actually it is almost certain that only S and P terms contribute appreciably 
to up to 100 Mev over threshold i.e. 



where S Q and P Q represent respectively the S and P wave contributions. 




pi on - momentum 

photon- momentum 

total pion-energy 

pion, nucleon rest energies 



includes statistical factors and 
recoiling corrections 

in natu-ral unit 


S Q certainly is small but not negligible. S Q is mainly due to the recoiling- 
currents and consequently of the order of ( ^ /ZM) 2 . This has been directly 
checked by Koester measuring, with a plate experiment, the differential cross- 
section of < i^)°at 135° C.M. At this angle the interference term between S and 
P wave is expected to be appreciable, and then the amount of S wave more de¬ 
tectable. With the CT^otai determined in the Koester and Mills experiment as¬ 
suming A^ = -0.6A o and neglecting the interference term, (d CT^/d-H-) 0 135° would 
be the dotted line of Fig. la. The 
experimental points are off of this 


line for an amount which is consis¬ 
tent with a S wave amounting just 
about what is predicted by the 
Watson’s analysis. Precisely 

s 0 /p 0 — i/i2|'^r/7 x | 

In the Chew and how theory the ex¬ 
pected S-wave is about the same. 

As far as it concerns the P-term in 
the Chew and how theory, as well as 
in the Watson’s one, P Q is essentially 
the square of the matrix element cor¬ 
responding to the “enhanced” pion P 
amplitude and is proportional to 

sindQj)* . The pro¬ 

portionality factor depends upon the 
strength of the magnetic dipole 

element, and upon (or ). Pre- 



Fig. la 
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cisely in the Chew and Low theory 



In the Watson’s analysis the u) dependence is not well defined and is eval¬ 

uated on the base of the multipole analysis of experimental data. With -f = 0.08, 
(see Chew report) the high correlation between pion scattering and photo-pion is 
shown in Fig. 33 where the values of <^ 33 , evaluated using the data at the Koester 
and Mills experiment, is compared with the Bethe and DeHoffman phase shifts. 

In this slide cf 33 has been plotted versus (C.M. neutral pion momentum) 

including or neglecting the S wave. In Fig. 38 there is also the plot of <$ 33 versus 
the charged pion momentum. The agreement at low energy is good only with the 
neutral pion momentum and correcting for the S wave contribution. The momentum 
which should be used representing the phase shifts on this analysis should be, of 
course, an ideal charge independent non-elect romagnetic interacting pion. It may 
be plausible to use, as a general rule, the momentum of the outgoing particle, and 
then, in this case the 7T° momentum. However, the excellent agreement should 
be considered somewhat fortuitous. The photoproduction of charged pions is a 
more complicated process and near threshold the picture is not so clear as for 
the neutral ones. Recently, Beventano, Lee, Stoppini, and Tau in Rome in close 
cooperation with the Illinois group have appreciably increased the experimental 
information available between 170 and 230 Mev with extensive work. These new 
data, combined with those of Goldwasser and myself, show to what extent on may 
pretend to perform near threshold an analysis in terms of simple S P wave con¬ 
tributions . 


The experimental procedure to get rather accurate angular distributions at 
several energies is very similar to that followed by the Cal Tech group at ener¬ 
gies around the resonance. Only, to detect very slow pions, the emulsions sub¬ 
stitute for the counters. At each angle, all pions stopped in G5 (underdeveloped) 
pellicles imbedded in a sea of nuclear emulsion have been recorded and analyzed. 
The identity of doubtful pions has been systematically established (but in very few 
cases) by following them and the decay-products from one pellicle to the other. 

Two of the curves obtained in this analysis which show the frequency of stopped 
pions versus energy at 105° L.F. are presented in Figures 39 and 40. 

Newly obtained data are tabulated in Table I. These are the differential cros- 
sections at three different angles (45°, 105°, 150° L.F.) obtained as the result 
of the three corresponding sets of pellicles. 

The data refer to a *-ray energy interval of 170 to 230 Mev in the laboratory 
system. 

If one adds to these data those of Bernardini and Goldwasser and those due to 

Cornell and Cal Tech, around 230 and 270 Mev, one gets a fairly complete picture 

of the situation. As far as it concerns the angular distribution, it is shown in 
Fig. 41. The abscissa is ^ = cos 9. 
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TABLE I 


(C.M.) x 10 29 cm 2 


E(lab) 


(Mev) 

59°cm. 

123 cm. 

159° cm. 

170 

.56 - .04 



180 

.70 ± .05 

.85 - .07 

.71 - .07 

190 

.77 - .05 

.92 i .07 

vO 

O 

# 

4l 

o 

00 

• 

200 

.86 ± .06 

1.09 - .08 

1.02 ± .07 

210 

1.07 - .07 

1.14 - .09 

1.15 - .07 

220 

1.04 - .09 

1.42 - .11 

1.30 * .08 

230 


1.66 ± .11 

1.39 ^ .09 


Considering instead the energy dependence let us follow more closely the lines 
of the Watson analysis. In doing this we use his expression of the differential 
cross-section for photo-production. It is a standard one and it is quite general. 

Precisely we put t ^ 

- x ir 



where 




T is the matrix element, the square of which is given as a function of angle and 
energy in Tadbe II. E { and E are the initial and final nucleon energies. 

In Fig. 41 the solid lines follow the trend of experimental points. The dotted 
lines at 23 0 and 265 Mev are the best parabolic fit corresponding to a simple S 
and P waves analysis. At lower energies this approach is not very appealing. 
However, a parabolic fit is, of course, possible and with the notations used by 
Gell-mann and Watson (Annual Reviews of Nuclear Science. 1954) i.e. putting 

Ao(S) =(??/i>)^ oS A o( p ) = n p 



the following set of values (in 10 cm^ units) 
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12.5 


3-' = 4 -° 


V 

3,= 3.8 


g,= 3.7 


has been found. It fits fairly well (but with systematic deviations respect to the 


limits of experimental errors)the whole family of curves. This set of values 
agrees also very well with the Fermi’s relationship 



and, as far as only S and P waves are considered, it should be considered correct 


to 10% between 170 and 250 Mev. It agrees with the previous set suggested by 
Gell-mann and Watson (estimated errors ^ 25%). However, the precision of 
the experimental data seems already to be good enough to indicate that the use of 
the S and P waves only is not adequate to represent the general aspect and some 
characteristic features of the curves. As far as it concerns their general trend, 
the more significant point is the flattening of them in the forward direction. It 
is probably real and very probably due to the direct pion-current interaction, that 
is to the term ^ ^ /. , 


is to the term 


0/(\ — l/c&SO') 3 ' 


already mentioned by Chew (page 25). Actually the Chew and Low theory, gives 
a shape to the angular distribution which is essentially a parable plus this nega¬ 


tive term and its interferences. In a Watson’s type analysis it would be mainly 


expressed by a supplementary D wave. In Fig. 36 the white dots correspond to 


the Chew and Low curve at 190 Mev. 

An example of the peculiarity of the situation in the forward direction is 
evident if one compares, for instance, the values of Table II at 30° and 159° with 
the pair 59° - 123° and with 93°. 

In the term of a simple CT~ (&) = A 0 + A^ cos ^ + A^> cos O it must be 

cr (7T- & ) + <5 ( e ) - 2 fflz) = 2 A z cos l O 2. o and that is not true between 

180 and 210 Mev. It should be also 7 / r\ 

c 7 -( Tr _ e ')_cr -(&) = A, [cose - costTr-e)) 

which is also not true and out of the error limits. This is the energy range around 
which the Chew term will be the most effective. However, in their calculations 
Chew and Low for sake of simplicity neglected d\\ . This fact affects the angular 
distribution emphasizing the effect of the negative cos O term, more than it 


should. 

A full discussion of 1 



ill appear soon in a few forthcoming papers. 
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